



















Galactic chemical evolution: Carbon through Zinc
Chiaki KOBAYASHI1, Hideyuki UMEDA2, Ken’ichi NOMOTO2, Nozomu TOMINAGA2,
and Takuya OHKUBO2
1 Division of Theoretical Astronomy, National Astronomical Observatory of Japan, Mitaka-shi, Tokyo
181-8588, Japan; chiaki@th.nao.ac.jp
2 Department of Astronomy, School of Science, University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan
ABSTRACT
We calculate the evolution of heavy element abundances from C to Zn in the solar neigh-
borhood adopting our new nucleosynthesis yields. Our yields are calculated for wide ranges of
metallicity (Z = 0 − Z⊙) and the explosion energy (normal supernovae and hypernovae), based
on the light curve and spectra fitting of individual supernovae. The elemental abundance ratios
are in good agreement with observations. Among the α-elements, O, Mg, Si, S, and Ca show
a plateau at [Fe/H] <
∼
− 1, while Ti is underabundant overall. The observed abundance of
Zn ([Zn/Fe] ∼ 0) can be explained only by the high energy explosion models, which requires
a large contribution of hypernovae. The observed decrease in the odd-Z elements (Na, Al, and
Cu) toward low [Fe/H] is reproduced by the metallicity effect on nucleosynthesis. The iron-peak





− 1, and the observed trend at the lower metallicity can be explained by the energy effect. We
also show the abundance ratios and the metallicity distribution functions of the Galactic bulge,
halo, and thick disk. Our results suggest that the formation timescale of the thick disk is ∼ 1−3
Gyr.
Subject headings: galaxies: abundances — galaxies: evolution — stars: evolution — stars: supernovae
— nuclear reactions, nucleosynthesis, abundances
1. Introduction
Elemental abundance ratios are the treasure
house of information on star formation and galaxy
formation because different types of supernovae
produce different heavy elements with different
timescales (e.g., Tinsley 1980; Pagel 1997; Mat-
teucci 2001). High resolution spectroscopy gives
the elemental abundance patterns of individual
stars in our Galaxy and nearby dwarf spheroidal
galaxies, and of high-redshift quasar absorption
line systems. These observations have shown dif-
ferent abundance patterns, which suggest different
chemical enrichment histories of these objects and
probably different initial mass functions (IMFs)
depending on environment. The re-ionization of
the universe at very early epoch as suggested by
the WMAP result may require a different popu-
lation for the first stars (e.g., Ciardi et al. 2003).
However, to discuss these issues, nucleosynthesis
yields have involved too many inconsistencies with
recent observations.
There exist two distinct types of supernova ex-
plosions (e.g., Arnett 1996; Filippenko 1997): One
is Type II supernovae (SNe II), which are the
core collapse-induced explosions of massive stars
(>
∼
8M⊙) with short lifetimes of 10
6−7 yrs, and
produce more α-elements (O, Mg, Si, S, Ca, and
Ti) relative to Fe with respect to the solar ratios
(i.e., [α/Fe] > 0). The other is Type Ia supernovae
(SNe Ia), which are the thermonuclear explosions
of accreting white dwarfs (WDs) in close binaries
and produce mostly Fe and little α-elements (e.g.,
Nomoto et al. 1994). Although the lifetime of SNe
Ia has been estimated to be the order of Gyr from
the chemical evolution of our Galaxy (e.g., Yoshii,
Tsujimoto & Nomoto 1996), the simulations of
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the SN Ia progenitor systems predict that the life-
time of the majority of SNe Ia is shorter than this
(Hachisu, Kato, & Nomoto 1996; Kobayashi et al.
1998, hereafter K98). The metallicity effect of SNe
Ia that is also predicted by the simulations can
solve this problem (K98).
Following the development of observations
of individual supernovae and elemental abun-
dances, theory of stellar nucleosynthesis has been
improved from Woosley & Weaver (1995) and
Nomoto et al. (1997a, hereafter N97). From the
light curve and spectral fitting of individual super-
novae, the mass of progenitors stars M , explosion
energy E, and produced 56Ni mass (which decayed
to 56Fe) have been obtained (e.g., Nomoto et al.
2004 for a review). There exist two distinct types
of core-collapse supernovae: One is normal SNe
II (including Ib and Ic), which have the explosion
energy of E51 ≡ E/10
51 erg ∼ 1 and produce lit-
tle iron relative to α-elements. Some SNe II with
M > 25M⊙ may have smaller energy (E51 < 1),
which are called “faint SNe” (Turatto et al. 1998).
The other is hypernovae (HNe), which have more
than ten times larger explosion energy (E51 >∼ 10)
and produce a certain amount of iron. HNe may
be related to gamma-ray bursts (Galama et al.
1998; Iwamoto et al. 1998).
Umeda & Nomoto (2002, 2005, hereafter UN05)
updated the progenitor star models with a metal-
licity range of Z = 0 − 0.02 (see also Limongi
& Chieffi 2003), and calculated the explosive nu-
cleosynthesis yields for larger energies (E51 > 1).
To meet the observed abundance patterns for ex-
tremely metal-poor (EMP) stars (Cayrel et al.
2004; Aoki et al. 2004; Beers & Christlieb 2005),
they introduced the mixing and fallback mecha-
nism. They then succeed in reproducing the ob-
served abundance patterns of some EMP stars
(Umeda & Nomoto 2003, hereafter UN03; UN05),
based on the idea that the interstellar medium is
not mixed and the EMP stars are enriched only by
a single supernova (Audouse & Silk 1995). The
trends of iron-peak element abundance patterns
for the EMP stars (McWilliam et al. 1995; Ryan
et al. 1996) have been explained by changing a
parameter mass-cut (Nakamura et al. 1999), while
they were explained with the energy dependence:
[(Zn,Co)/Fe] increases and [(Mn,Cr)/Fe] decreases
for metal poor stars because of higher energy and
a larger amount of swept hydrogen mass (UN05).
In this paper, however, we focus on typical
yields of core-collapse supernovae that is respon-
sible for the plateau values of the [α/Fe]-[Fe/H]
relations, which is important when we discuss the
galaxy formation and evolution. Physical param-
eters in our model are constrained from observa-
tions, i.e., the light curve and spectra of individual
supernovae and the abundance patterns of metal
poor stars in the solar neighborhood. There may
be a scatter in the observed mass-energy relation
and [α/Fe]-[Fe/H] relations that arise from inho-
mogeneity of the explosion and of the mixing of




− 1, chemical enrichment of the inter-
stellar medium is proceeded with many supernova
explosions, and the average contribution of su-
pernovae with different mass is imprinted in the
[X/Fe]-[Fe/H] diagrams. First, we give a table
set of nucleosynthesis yields both for SNe II and
HNe as functions of progenitor mass and metal-
licity (§2). We then show the evolution of ele-
mental abundance ratios from carbon to zinc in
the solar neighborhood using a one-zone chemical
evolution model (§3). In §4, we construct models
for the bulge, halo, and thick disk of the Milky
Way Galaxy to meet their metallicity distribution
functions, and show the age-metallicity relations.
Showing the different evolution of elemental abun-
dance ratios, we extend our discussion to the for-
mation of the thick disk. §5 gives our conclusions.
2. Nucleosynthesis Yields
2.1. Nucleosynthesis Models
Using the same calculation method as in Umeda
& Nomoto (2002, 2005), we calculate stellar evo-
lution, explosions, and nucleosynthesis for wider
ranges of metallicity and energy. The details
of the calculations are described in Umeda et
al. (2000) and Tominaga et al. (2006). The
code is based on the Henyey-type stellar evolution
code by Nomoto & Hashimoto (1988) and Umeda
et al. (1999). We start calculations from the
zero-age main-sequence through core collapse in-
cluding metallicity-dependent mass loss (de Jager,
Nieuwenhuijzen, & van der Hucht 1988; Kudritzki
et al. 1989). This code runs a nuclear reaction
network by Hix & Thielemann (1996) for nu-
clear energy generation and nucleosynthesis, in-
cluding the neutron capture processes. We adopt
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the Schwartzshild criterion for convective stability
and diffusive convective mixing by Spruit (1992).
In this work, a case for relatively fast mixing,
fk = 0.3, is adopted. The
12C (α, γ) 16O reac-
tion rate, which is still uncertain (Fowler 1984), is
chosen to be 1.3 times the value given in Caughlan
& Fowler (1988).
For a given progenitor model, if the explosion
mechanism is specified (or the procedure for the
artificial explosion like Woosley & Weaver (1995)
and Limongi & Chieffi (2003)), the remnant mass
is uniquely determined as a function of the explo-
sion energy. However, we do not specify the ex-
plosion mechanism and treat the mixing and fall-
back with free-parameters, especially because the
precise explosion mechanism is unknown for hy-
pernovae. Since we explode the progenitor model
when the central density of 3 × 1010 g cm−3 is
reached without calculating further collapse and
bounce, our approach may be regarded as simu-
lating a prompt explosion. According to the con-
straint from the light curve and spectral fitting
(§1), we set two sequences of mass-energy rela-
tion; (1) E51 = 1 for all normal SNe II, and (2)
E51 = 10, 10, 20, and 30 for the 20, 25, 30, and
40M⊙ HNe, respectively.
Using the pre-supernova models, we carry out
1D hydrodynamical simulations of core-collapse
explosions using the piecewise parabolic method
(Colella & Woodward 1984) with the α-nuclear
reaction network for the energy generation rate.
Then explosive nucleosynthesis is calculated as a
post-processing using a larger reaction network of
300 isotopes. After the postprocess nucleosynthe-
sis calculations, we obtain the final yields setting
the mass-cut for SNe II. The mass-cuts are chosen
to eject M(Fe) ≃ 0.07M⊙, which is constrained
from the light curve and spectra of individual su-
pernovae (e.g., Nomoto et al. 2004). For HNe, we
take account of the mixing-fallback mechanism.
The Rayleigh-Taylor mixing and the amount of
fallback both depend on the stellar mass, pre-
supernova density structure, explosion energy, as-
phericity, etc., so that its determination requires
extremely high resolution calculations. We thus
determine the parameters involved in the mixing
and fallback (UN05) to give [O/Fe] ≃ 0.5 accord-
ing to the constraint from the abundance ratios of
EMP stars (see §3.2).
The neutrino process is not included in our nu-
cleosynthesis, but the number of electrons per nu-
cleon, Ye, depends on the neutrino process during
explosion (e.g., Liebendo¨rfer et al. 2003; Janka
et al. 2003). Therefore, Ye in the incomplete Si-
burning region is set to be 0.4997 independent of
metallicity, while Ye in the other region is kept
constant as pre-supernova model, where Ye ∼ 0.5
above the oxygen layer and decreases gradually
toward the Fe core (UN05). The initial mass-cut
is determined to be located at the bottom of the
Ye ≃ 0.5 layer (Tominaga et al. 2006).
Tables 1 and 2 give the resultant nucleosynthe-
sis yields in the ejecta in M⊙ after radioactive de-
cays, for SNe II and HNe as functions of the pro-
genitor mass (M = 13, 15, 18, 20, 25, 30, and
40M⊙) and metallicity (Z = 0, 0.001, 0.004, and
0.02). The mass of the pre-supernova star, Mfinal,
is larger for lower metallicity because of the metal-
dependent stellar winds. The material inside the
mass-cutMcut falls onto the remnant, and the rest
(Mejecta = Mfinal −Mcut) is ejected by the super-
nova explosion.
Figures 1-4 show the abundance ratios relative
to the solar abundance (Anders & Grevesse 1989)
in the ejecta as a function of the progenitor mass
for given metallicity. The solid and dashed lines
show the SN II and HN yields, respectively. The
yield masses of α-elements (O, Ne, Mg, Si, S, Ar,
Ca, and Ti) are larger for more massive stars be-
cause of the larger mantle mass. Since the ejected
Fe mass is ≃ 0.07M⊙ for SNe II, being almost in-
dependent of the progenitors mass, the abundance
ratio [α/Fe] is larger for more massive stars. This
mass dependence of [α/Fe] is smaller in the present
yields than in N97, because N97 adopted a larger
ejected Fe mass (0.15M⊙ for 13 − 15M⊙) from
the supernova observations around early 1980’s,
while the present study adopt the smaller Fe mass
from the modeling of the recent well-observed su-
pernova light curves. For HNe, although the Fe
mass is larger for more massive stars because of
the higher energy, the mass of α-elements is also
larger, and thus [α/Fe] is almost constant inde-
pendent of the stellar mass.
In the present yields, the abundance ratios of
iron-peak elements (Cr, Mn, Co, and Ni) are al-
most constant with respect to the progenitor mass.
The differences from N97 are due to the new im-
plementation of the mixing-fallback. Zn and Cu
yields are much larger than N97. This is be-
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cause the neutron capture processes enhance the
neutron-rich Zn and Cu abundances for Z ≥ 0.004.
For smaller Z, the larger Zn production is due
to the larger energy and larger electron fraction
Ye in the present explosion models. It might be
possible to reduce Zn production for high- or low-
mass stars and explain the observed [Zn/Fe] trend
by mass sequence, but then the average Zn abun-
dance would be much smaller than observed. The
smaller [Mn/Fe] is also due to large Ye ∼ 0.5.
2.2. IMF Weighted Yields
The mass-energy relation has been obtained
from the light curve and spectral fitting for in-
dividual supernovae. However, there is currently
no constraint on the energy distribution function
because of the poor statistics. Therefore, in the
chemical evolution model, we should introduce one
important parameter to describe the fraction of
hypernovae, ǫHN. ǫHN may depend on metallicity,
and may be constrained by the gamma-ray burst
rate. Here we adopt ǫHN = 0.5 independent of the
mass and metallicity. This gives a good agreement
with the [α/Fe] plateau against [Fe/H] as shown in
§3.2. Such large ǫHN is required from the observed
[Zn/Fe] ∼ 0, especially for low metallicity.
Table 3 gives the IMF weighted yields as a
function of metallicity, and also the SN Ia yields
(W7 model from Nomoto, Thielemann, & Yokoi
1984; Nomoto et al. 1997b) for comparison. We
adopt Salpeter IMF, i.e., a power-law mass spec-
trum with a slope of x = 1.35 and a mass range
from Mℓ = 0.07M⊙ to Mu = 50M⊙. We should
note that the abundance ratios depend on x, and
more strongly on Mu. Figure 5 shows the metal-
licity dependence of the SN II+HN yields. In the
metal-free stellar evolution, because of the lack of
initial CNO elements, the CNO cycle dose not op-
erate until the star contracts to a much higher
central temperature (∼ 108 K) than population II
stars, where the 3α reaction produces a tiny frac-
tion of 12C (∼ 10−10 in mass fraction). However,
the late core evolution and the resulting Fe core
masses of metal-free stars are not much different
from metal-rich stars. Therefore, the [α/Fe] ra-
tio is larger by only a fraction of ∼ 0.2 dex and
the abundance ratios of the iron-peak elements
are not so different from metal-rich stars, except
for Mn. On the other hand, the CNO cycle pro-
duces only a small amount of 14N, which is trans-
formed into 22Ne during He-burning. The surplus
of neutrons in 22Ne increases the abundances of
odd-Z elements (Na, Al, P, ...). Therefore, the
metallicity effect is realized for odd-Z elements and
the inverse ratio of α-elements and their isotopes
(e.g., 13C/12C). [Na/Fe] and [Al/Fe] of metal-free
stars are smaller by ∼ 1.0 and 0.7 dex than so-
lar abundance stars, which are consistent with the
observed trends (§3.2).
Among α-elements, it has been reported that
Ca is underabundant relative to the other α-
elements in elliptical galaxies (Thomas et al.
2003). Although dependencies of [Ca/Fe] on the
mass, metallicity, and energy are not clearly seen
in our yields, [Ca/Fe] tends to be smaller for more
massive and more metal-rich supernovae. In the
case of a flat IMF with rapid chemical enrichment,
i.e., in ellipticals galaxies, [Ca/O] could be small.
3. Chemical Evolution of the Solar Neigh-
borhood
3.1. Chemical Evolution Model
Using the one-zone chemical evolution model,
we compare our nucleosynthesis yields with the
observed elemental abundance ratios in the solar
neighborhood. Here the instantaneous recycling
approximation is not applied, i.e., the mass de-
pendence of yields (i.e., the stellar lifetime depen-
dence) is taken into account, and the contributions
of HNe, SNe II and SNe Ia are included, while
those of low and intermediate mass stars are not.
For the solar neighborhood, we use a model that
allows the infall of primordial gas from outside the
disk region (see Kobayashi, Tsujimoto & Nomoto
2000, hereafter K00, for the formulation). For the
infall rate, we adopt a formula that is proportional
to t exp[− t
τi
] (Pagel 1989; Yoshii et al. 1996) with
an infall timescale of τi = 5 Gyr. The Galactic
age is assumed to be 13 Gyr, which corresponds
to the formation redshift zf ∼ 9 for the WMAP
cosmology (h = 0.7, Ω0 = 0.3, λ0 = 0.7). In
K98, we assumed 15 Gyr, and the following pa-
rameters are slightly updated to meet the metal-
licity distribution function (MDF). The star for-
mation rate (SFR) is assumed to be proportional
to the gas fraction as ψ ≡ 1
τs
fg with a timescale
of 2.2 Gyr, which is constrained from the present
gas fraction fg = 0.15. The metallicity dependent
main-sequence lifetime is taken from Kodama &
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Arimoto (1997).
The treatment of SNe Ia is the same as in K98
and K00. The lifetime distribution is given by the
mass ranges of companion stars in WD binary sys-
tems, which are constrained from the binary evo-
lution (Hachisu, Kato, & Nomoto 1996; Hachisu
et al. 1999ab). The fraction of primary stars that
eventually produce SNe Ia is given by the param-
eters (bRG and bMS, respectively, for the main-
sequence (MS) and red-giant (RG) companions),
that are constrained from the [O/Fe]-[Fe/H] rela-
tion. The smaller values [bRG = 0.02, bMS = 0.04]
than K98 and K00 are adopted for the WD+RG
and the WD+MS systems, respectively, because
more Fe is produced by HNe. The metallicity ef-
fect of SNe Ia (K98) is also taken into account.
To produce SNe Ia, optically thick winds should
be brown from the accreting WDs in the binary
systems, which requires a large enough Fe opacity.
If [Fe/H] < −1.1, no SN Ia can occur from these
binary systems.
These parameters are constrained from the
chemical evolution of the solar neighborhood, and
are determined as follows. Figure 6 shows (a) the
SFR, (b) the age-metallicity relation, and (c) the
MDF in the solar neighborhood. The solid and
dashed lines show the results of this work and K98
model with N97 yields, respectively. Our SFRs
peak at ∼ 8 Gyr (panel a), which is later than
previous models (Chiappini et al. 1997; Fenner &
Gibson 2003). The sources of this difference may
be as follows: i) We adopt the time-dependent
infall rate, while others adopted the double-infall
rate. ii) The adopted parameters such as the star
formation timescale are different, because these
parameters are chosen in order to reproduce the
present gas fraction and the MDF for different
set of the adopted SN Ia model, nucleosynthesis
yields, IMF, and the Galactic age. As a result,
these models can give an identical MDF, and the
resultant [X/Fe]-[Fe/H] relations do not differ at
all.
The iron abundance (panel b) increases quickly
by SNe II and HNe at t <
∼
3 Gyr to reach [Fe/H]
∼ −1, and then gradually by SNe Ia. [Fe/H]
reaches 0 at ∼ 12 Gyr in our models, which is con-
sistent with the average of the observational data
(Edvardsson et al. 1993; Nordstro¨m et al. 2004).
This means that the solar system has formed in a
relatively metal-enhanced region. At t <
∼
3 Gyr,
our [Fe/H] looks lower than the observations, but
this is because there are many stars with unrea-
sonably old ages in the observational data owing
to the difficulty of the age estimate. The slow ac-
cretion and slow star formation are required from
the lack of metal-poor stars in the MDF (panel c).
The observed MDF (Edvardsson et al. 1993; Wyse
& Gilmore 1995) is reproduced with our model by
adopting 0.15 dex convolution that corresponds to
an observational error. Recently, Nordstro¨m et al.
(2004) showed a narrower MDF. We find that our
model with 0.1 dex convolution is nearly consis-
tent with this new MDF. The peak metallicity of
the MDF strongly depends on the slope x of the
IMF. Under the above assumptions of x and Mu,
the combination ofMℓ and bRG is constrained from
the high metallicity edge of the MDF. We choose
b parameters to give better agreement with the
[O/Fe]-[Fe/H] evolutionary trend at [Fe/H] >
∼
−1.
3.2. Evolution of [X/Fe] against [Fe/H]
Figures 7-28 show the evolutions of heavy ele-
ment abundance ratios [X/Fe] against [Fe/H]. Our
model with new yields (solid line) are in much bet-
ter agreement with the observational data than
K98 model with N97 yields (dashed line), espe-
cially for Al, Na, Ca, and Zn. As the time goes, the
iron abundance increases, and the abundance ratio
for many elements stays constant with a plateau
value at [Fe/H] <
∼
− 1, which is determined only
by SNe II and HNe. From [Fe/H] ∼ −1, SNe Ia
start to occur (see K98 for SN Ia models) pro-
ducing more Fe than α-elements, and thus [α/Fe]
decreases toward the solar abundance. In the fol-
lowing subsections, we discuss the details for each
element.
3.2.1. Oxygen
O is the most abundant heavy element that
covers a half of metallicity for the solar abun-
dance and is one of the best described elements
in nucleosynthesis. However, the observation has
been debated. i) The abundances determined from
the forbidden line [OI] at 6300A˚ in giants show a
plateau with [O/Fe] ∼ 0.4 − 0.5. ii) Those from
the near-IR triplet OI at 7774A˚ in unevolved subd-
warfs suggest that [O/Fe] gradually increases with
decreasing [Fe/H] to reach [O/Fe] ∼ 0.8 at [Fe/H]
∼ −3. iii) Those from the OH line in the near-UV
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of unevolved stars show a monotonic increase with
a steeper slope from [Fe/H] ∼ [O/Fe]∼ 0 to [Fe/H]
∼ −3 and [O/Fe] ∼ 1 (Israelian et al. 1998, 2001;
Boesgaard et al. 1999). However, when a suitable
temperature scale is adopted and the NLTE and
3D effects are taken into account, [OI], OI, and
IR OH lines give consistent results. A plateau of





[O/Fe] ∼ 0.45 (Carretta et al. 2000), 0.35 (Melen-
dez & Barbuy 2002), and 0.3 with 3D correction
(Nissen et al. 2002). At [Fe/H] ∼ −3, a gentle in-
crease in [O/Fe] ∼ 0.5− 0.6 is seen: 0.47 with 3D
correction (Cayrel et al. 2004).
C, N, O, Ne, and Mg are mainly produced in
hydrostatic burning phase, so that their yields de-
pend mainly on the pre-supernova model. In our
model, [O/Fe] is 0.42 at [Fe/H] = −1 and slightly
increases to 0.57 at [Fe/H] = −3, being consistent
with the observations (except for UV OH results)
as shown in Figure 7. The gradual increase in
[O/Fe] with decreasing [Fe/H] stems from larger
[O/Fe] in more massive SNe II, more metal-poor
SNe II, and HNe. The metallicity dependence is
as small as 0.15 dex between Z = Z⊙ and Z = 0
(Fig.5). The mass dependence is large for nor-
mal SNe II ([O/Fe] ∼ −0.5 to 1 for Z = Z⊙; see
Figs.1-4), but such a dependence is weakened by
the HN contribution because HNe produce more
Fe and give constant [O/Fe]. From [Fe/H] ∼ −1,
[O/Fe] decreases quickly due to a large amount of
Fe production by SNe Ia.
Low [α/Fe] is often used to discuss the forma-
tion timescale under the assumption that the SN
Ia lifetime is 1.5 Gyr. We note, however, this ap-
proach would be misleading if the following effects
are not taken into account: the lifetime distri-
bution and the metallicity effect of SNe Ia, the
mass and energy dependences of the nucleosyn-
thesis yields of SNe II and HNe, and an uncer-
tainty of the IMF. i) The enrichment by SNe Ia
results in low [α/Fe]. The shortest lifetime of
SNe Ia depends on the SN Ia model: ∼ 0.1 Gyr
for the double-degenerate (Tutukov & Yungelson
1994), ∼ 0.3 Gyr for Matteucci & Recchi (2001)’s
model, and ∼ 0.5 Gyr for our single-degenerate
model (K98). ii) Some anomalous stars (e.g., Nis-
sen & Schuster 1997) have [O/Fe] ∼ 0 at [Fe/H]
<
∼
− 1. Such small [O/Fe] can be explained by
the low-mass 13− 15M⊙ SNe II, where O yield is
smaller than in massive stars (K00). The abun-
dance patterns in the dwarf spheroidal galaxies
can be explained these SNe II (Tolstoy et al. 2003;
Travaglio et al. 2004). iii) HNe may produce even
a larger amount of Fe due to a smaller fallback
mass or a larger energy than the typical HNe in
our yields. iv) Also SNe I.5, which are the SN
Ia-like explosions of metal-poor AGB stars, have
been suggested by Nomoto et al. (2003) (see also
Tsujimoto 2006).
On the other hand, very large [O/Fe] (> 1)
could be explained by the small Fe production,
namely by either i) massive SNe II with E51 ≤ 1 or
ii) HNe with a larger mass-cut (i.e., a large black-
hole mass). In such stars, other α-elements should
show the same trend, especially Mg, Si, and S. The
difference between these two possibilities appears
in the abundance ratios among the iron-peak el-
ements, especially large [(Zn,Co)/Fe]. CS 22949-
037 with [O/Fe] ∼ 2 at [Fe/H] ∼ −4 in Figure
7 has large [Mg/Fe] (∼ 1.6), normal [(Ca,Ti)/Fe]
(∼ 0.35), and large [(Zn,Co)/Fe], which are ex-
plained with a HN model (UN05). The low-
energy explosion with E51 = 0.4 in Tsujimoto &
Shigeyama (2003) also gives large [O/Fe] but can-
not explain the large [(Zn,Co)/Fe].
3.2.2. Magnesium
Mg is one of the best observed elements with
several lines and little NLTE effect. Cayrel et al.
(2004, hereafter C04) claimed that [(Mg,Si,Ca,Ti)/Fe]
is constant as ∼ 0.2 − 0.3 with a very small dis-
persion of ∼ 0.1 dex. In our chemical evolution
model, [Mg/Fe] is 0.49 at [Fe/H] ∼ −1 and slightly
increases to 0.57 at [Fe/H] ∼ −3, which is larger
than 0.27 in C04, but in good agreement with the
observational data over the wide range of [Fe/H]
as shown in Figure 8. We note that the over-
all agreement of the [Mg/Fe]-[Fe/H] relation is
due to our assumptions of the mixing-fallback,
the HN fraction ǫHN = 0.5, the upper mass limit
Mu = 50M⊙, and the time and metallicity inde-
pendent IMF. SNe II typically provide [Mg/Fe]
∼ 0.5 varying between −0.2 (Z = Z⊙, 18M⊙) and
1 (40M⊙). For HNe, [Mg/Fe] ∼ 0.5 despite the
large progenitor masses (M ≥ 20M⊙) because the
iron yield is as large as the yields of α-elements.
Therefore, the scatter of [Mg/Fe] can be small
independent of the mixing process of interstel-
lar medium (Tominaga et al. 2006; Nomoto et al.
2006).
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[O/Mg] is ∼ 0 independent of [Fe/H] in N97
yields, while it is in a range from ∼ −0.08 to
−0.06 in our new yields. Compared with Edvards-
son et al. (1993)’s data for [Fe/H] >
∼
− 1, there
was 0.1 dex offset in [O/Mg] with N97 yields, of
which problem is solved with our yields (Fig.9).
Recently, however, Bensby et al. (2004) showed
0.1 dex larger [O/Mg] for [Mg/H] <
∼
0 and decreas-
ing trend for high metallicity. With our model, the
iron abundance does not reach such high metallic-
ity, and we do not calculate the nucleosynthesis
yields for Z > Z⊙ yet. Such a decrease in O/Mg
would require some additional effects which are
not included in our stellar evolution models such
as strong stellar winds or a process that causes the
change in the C/O ratio.
3.2.3. Silicon, Sulfur, Calcium, and Titanium
The observed Si abundance is represented by
only two lines and affected by the contamination
of CH and Hδ lines. These may arise the larger




− 1 in our model, which is a bit larger
than 0.37 in C04 and other observations (Fig.10).
For S, because of the hardness of observation,
the plateau value has not been established. Some
observations (Israelian & Reboro 2001; Takada-
Hidai et al. 2002) suggest a sharp increase in [S/Fe]
with decreasing [Fe/H] like UV OH result, where
SI (6) lines at ∼ 8694A˚ are used. Takada-Hidai
et al. (2002) adopted a NLTE model and actually
commented that the very high [S/Fe] at [Fe/H]
∼ −2.1 could be smaller with different tempera-
ture, and the S trend is uncertain. Other recent
observations (Nissen et al. 2004; Takada-Hidai et
al. 2005) using SI (1) lines at ∼ 9200A˚ with LTE
models provided plateau values of ∼ 0.3 and 0.46.
These are consistent with our prediction of [S/Fe]





Ca is a well observed element, and our model
succeeds in reproducing the observed plateau
[Ca/Fe] ∼ 0.27 − 0.39, which is larger by ∼ 0.2
dex than N97 model (Fig.12). However, [Ti/Fe] is
∼ 0.4 dex underabundant overall, which cannot be
improved by changing our parameters (Fig.13). A
possible model that enhances Ti is a jet-like explo-
sion with high entropy (Maeda & Nomoto 2003).
3.2.4. Sodium, Aluminum, and Copper
As shown in Figure 5, the abundances of the
odd-Z elements show a strong metallicity depen-
dence. The odd-Z elements are enhanced by the
surplus of neutrons in 22Ne, and 22Ne is trans-
formed from 14N by the CNO cycle during He-
burning. Thus, smaller amounts of CNO elements
result in smaller amounts of the odd-Z elements.
With our one-zone model, the decreasing trend of
[(Na,Al,Cu)/Fe] toward lower [Fe/H] is seen more
weakly because of the mass dependence, and the
resultant trends are in excellent agreement with
the observations. Observationally, the NLTE ef-
fect for Na and Al is large for metal-poor stars,
and the observational data at [Fe/H] <
∼
− 2
(McWilliam et al. 1995; Ryan et al. 1996; Cayrel
et al. 2004; Honda et al. 2004) in Figures 14 and
15 are shifted by a constant of −0.2 and +0.5,
respectively (Frebel et al. 2005; Asplund 2005).
McWilliam et al. (1995)’s data show significant
offset with higher [Al/Fe], of which reason is un-
clear (Ryan et al. 1996).
3.2.5. Potassium, Scandium, and Vanadium
K, Sc, and V yields are overall much under-
abundant by ∼ 1 dex compared with observa-
tions (Figs.17-19). For K, the NLTE effect is cor-
rected by a constant shift of −0.35 (Cayrel et al.
2004). To solve these problems, UN05 have in-
troduced a low-density model, where the density
is assumed to be reduced during explosive burn-
ing. This model enhances the α-rich freeze-out
and thus the Sc production. This is based on the
idea that a relatively weak jet expands the inte-
rior of the progenitor before a strong jet forms
a strong shock to explode the star. Alternatively,
Fro¨hlich et al. (2006) showed that the delayed neu-
trino mechanism that leads to Ye > 0.5 in the in-
nermost region gives larger production of Sc, Ti
and Zn. Yoshida, Umeda, & Nomoto (2006) have
added neutrino processes to explosive nucleosyn-
thesis of UN05, and found larger Sc, V, and Mn
production by a factor of ten. Such additional
physical processes would actually work even for
zero metallicity stars.
3.2.6. Chromium, Manganese, Cobalt, and Nickel
McWilliam et al. (1995) and Ryan et al.
(1996) found the decreasing trend of [(Cr,Mn)/Fe]
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and the increasing trend of [Co/Fe] toward lower
metallicity. These trends have been first explained
by Nakamura et al. (1999) by the stellar mass-
dependent mass-cut, because Co is synthesized by
complete Si-burning in the deepest layer of the
ejecta while Cr and Mn form in the outer incom-
plete Si-burning layers. Then, UN05 found that
a larger explosion energy enhances the amount of
Co and decreases Cr and Mn, and showed that
these trends can be explained by the energy effect
i) if the interstellar medium is not mixed so that
the EMP stars are enriched only by a single super-
nova (Audouse & Silk 1995) and ii) if the hydrogen
mass swept by supernovae ejecta is proportional
to the explosion energy and the metallicity well
correlates with the energy. However, C04 claimed
that no relation is found in [Mn/Fe] after 0.4 dex
correction for low metallicity.
In our chemical evolution model (Figs.20-24),
since we use the yields for typical SNe II and HNe,
no such trends are seen. Instead, we focus on
whether our mean values meet the observations
at [Fe/H] ∼ −2.5. As a whole, our yields are
in better agreement with observations than N97
yields, although ∼ 0.1 dex offsets still remain:
∼ +0.2,−0.1,−0.1, and −0.1 dex offsets for Cr,
Mn, Co, and Ni, respectively. However, these el-
ements are much affected by the mixing-fallback
process, the explosion energy, and the electron ex-
cess Ye, so that it would be possible to find a bet-
ter set by fine-tuning of the parameters under our
model. We also note that there is an inconsistency
of observed Cr abundances taken with Cr I and Cr
II lines, and higher value of Cr II is favored for our
model.
From [Fe/H] ∼ −1, SNe Ia start to contribute,
which results in the increasing [Mn/Fe] toward
higher metallicity. This is confirmed both observa-
tionally and theoretically, and Mn can be a key el-
ement to discuss the SN Ia contribution, HN frac-
tion, and IMF. Cr and Co are produced not only
from SNe Ia but also from SNe II with [Cr,Co/Fe]
∼ 0 at [Fe/H] >
∼
− 1. The observed [Ni/Fe] is ∼ 0
for all range of [Fe/H], and the Ni overabundance
of SNe Ia can be reduced: Ni yield depends on Ye
in the burning region, which is determined by elec-
tron capture and thus sensitive to the propagation
speed of burning front and the central density of
the white dwarf (Nomoto et al. 1984; Iwamoto et
al. 1999).
3.2.7. Zinc
The most important agreement of our yields
lies in Zn, which is an important element to dis-
cuss the cosmic chemical enrichment and is ob-
served in the damped Lyα systems without the
dust depletion effect. The production of the iso-
topes of Zn depends on metallicity. At higher
metallicity (Z ≥ 0.004), 66Zn and 68Zn are syn-
thesized by the neutron capture processes during
He and C burning. At lower metallicity, only 64Zn
is formed in the deep complete Si-burning region
and needs to be mixed out into the ejecta in order
for enough amount to be ejected. 64Zn can be en-
hanced only by the high energy explosions of HNe





is constant ∼ 0.1, mildly increases to ∼ 0.2 from
[Fe/H] ∼ −1.5 due to the metallicity effect, and
mildly decreases to ∼ 0 from [Fe/H] ∼ −1 due to
SNe Ia, which are all consistent with observations
(Fig.25).
Primas et al. (2000) found the increasing
[Zn/Fe] trend toward lower metallicity at [Fe/H]
<
∼
− 3. UN05 explained this by the energy ef-
fect as well as other trends of iron-peak elements.
Such a trend is not realized in our chemical evo-
lution model. The contribution of pair-instability
supernovae, which produce much more Fe and less
[Zn/Fe], is not observed in EMP stars. Recently,
Ohkubo et al. (2006) proposed that core-collapse
very massive stars with M ∼ 500 − 1000M⊙ also
produce large [Zn/Fe].
3.2.8. Carbon and Nitrogen
Since the enrichment from stellar winds and
the contribution of low and intermediate mass
stars are not included in our chemical evolution
model, C and N are overall underabundant than
observed. The major sources of C and N are AGB
stars and/or Wolf-Rayet (WR) stars. Intermedi-
ate mass stars (3− 8M⊙) may not be favored be-
cause no strong increase is observed in [C/Fe] from
[Fe/H] ∼ −2 to ∼ −1 (Prantzos et al. 1994). The
decrease from [Fe/H] ∼ −1 in our model is due to
the SN Ia contribution. Because no such decrease
is observed, low-mass stars with M < 2M⊙ may
also contribute to C and N production.
With our yields, [C/Fe] and [N/Fe] are ∼ 0.4
dex smaller than observations at [Fe/H] ∼ 0 but
larger than N97 yields (Figs.26 and 27). The
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ejected 12C mass is comparable to N97 yields,
and the increase of [C/Fe] is caused by the dif-
ference in the Fe mass (i.e., the larger and smaller
Fe mass than N97 are adopted for massive and
low-mass SNe II, respectively). The ejected 14N
mass is ten times larger than N97 yields, because
a larger amount of convective mixing of H into
the He burning layer takes place in our progen-
itor stars. The N production in metal-free stars
strongly depends on the detail treatment of the
convective mixing, and can be increased by more
than a factor of ten (Iwamoto et al. 2005).
In the observational data, there are many stars
that show large enhancement of carbon abun-
dances ([C/Fe] >> 0), and some of them also
shows a large enhancement of Mg. As already
mentioned, [Zn/Fe] can put constraint on the en-
richment source. With our yield set, massive SNe
II can increase [C/Fe] to ∼ 0.4, but [Zn/Fe] is
much smaller than 0. HNe can increase [Zn/Fe],
but [C/Fe] cannot be larger than 0. The stars with
[C/Fe] > 0.4 suggest other enrichment sources,
which could be i) a single supernova (Umeda &
Nomoto 2003; Iwamoto et al. 2005), namely, a
faint supernova with E51 < 1), ii) a few super-
novae (Limongi, Chieffi, & Bonifacio 2003), or
iii) external enrichment from a binary companion
(e.g., Suda et al. 2004).
3.2.9. Other elements
Figure 28 shows the [X/Fe]-[Fe/H] diagrams
also for the other elements. Neon and Argon are
α-elements with plateau values of [Ne/Fe] ∼ 0.5
and [Ar/Fe] ∼ 0.3 at [Fe/H] <
∼
− 1, and can
be tested with X-ray observations. Phosphorus,
Chlorine, and Argon can be seen in the damped
Ly-α systems. Fluorine is an important element
to examine the neutrino process.
4. Chemical Evolution of Halo, Bulge, and
Thick Disk
4.1. Galactic Halo Model
Here we apply our yields to chemical evolution
models for the bulge and halo of the Milky Way
Galaxy. For the halo, the MDF of field stars se-
lected with Hipparcos kinematics shows a peak at
low [Fe/H] ∼ −1.6 (Chiba & Yoshii 1998), and
has no metal-rich component that is seen in the
MDF of globular clusters (Zinn 1985). This sug-
gests that the efficiencies of star formation and
chemical enrichment are very low in the halo. We
use a closed-box model that allows the outflow of
material. The driving source of the outflow should
be the feedback from supernovae. Thus the out-




proportional to the SFR (ψ ≡ 1
τs
fg, see K00 for
the other formulation). Timescales of τs = 8 Gyr
and τo = 1 Gyr are adopted to meet the MDF.
The adopted parameters in our chemical evolution
models are summarized in Table 4.
Figure 29 shows (a) the SFR, (b) the age-
metallicity relation, (c) the MDF, and (d) the
[O/Fe]-[Fe/H] relation. The solid and dashed lines
show the cases with and without the metallicity ef-
fect of SNe Ia. The metallicity increases quickly to
[Fe/H] ∼ −1.5 at t ∼ 0.9 Gyr, and then the out-
flow becomes effective and chemical enrichment
takes place slowly. If we do not include the SN
Ia metallicity effect, [Fe/H] keeps on increasing,
which results in the double peaks in the MDF
(panel c). Without the metallicity effect, [α/Fe]
starts to decrease at [Fe/H] ∼ −1.7, which is ear-
lier than observed (panel d). Since our SN Ia
progenitor scenario requires the companion mass
range of ∼ 1− 3M⊙, the SN Ia lifetime spans over
0.5 − 20 Gyr. It is difficult to delay the onset of
the decrease in [α/Fe] without the metallicity ef-
fect (K98).
4.2. Galactic Bulge Model
For the bulge, observational results of the MDF
are controversial (Fig.30c). McWilliam & Rich
(1994) showed a broad MDF that extends to
[Fe/H] ∼ 1. However, a narrow MDF is shown
recently with a sub-solar peak and a sharp cut-off
at [Fe/H] ∼ 0 (Zoccali et al. 2003). We thus con-
struct several models to meet each observation:
(A) For McWilliam & Rich (1994)’s MDF, a sim-





)) with a short
star formation timescale (τs = τi = 1) gives a good
agreement (dashed line). With our model A, the
SFR is peaked at ∼ 1 Gyr, and the star formation
continues until the present, producing a lot of low
[α/Fe] stars in the bulge.
(B) On the other hand, to reproduce Zoccali et al.
(2003)’s MDF, star formation needs to be termi-
nated somehow at tw = 3 Gyr (solid line), possi-
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bly by supernova induced galactic winds or by the
feedback from the active galactic nuclei. To meet
this MDF, τs = 0.5 and τi = 5 Gyr are adopted.
With our model B, [Fe/H] does not increase after
t ∼ 3 Gyr, and [α/Fe] cannot be lower than 0.
The short timescale of chemical enrichment is
imprinted in the [α/Fe]-[Fe/H] diagram (panel d),
namely in the decrease of [α/Fe] toward higher
[Fe/H] than −1 (Matteucci & Brocato 1990).
However, McWilliam & Rich (2004) claimed that
the abundance patterns of bulge stars look pecu-
liar, and the evolutions of [O/Fe] and [(Mg,Si)/Fe]
are different. Both our models show the [α/Fe]
decrease from [Fe/H] ∼ −0.7, which is consistent
with the observed O trends. However, Mg obser-
vation does not show such decrease, which may
suggest that the chemical enrichment timescale is
much shorter. For example, with a flatter IMF
model of x = 1.1, [α/Fe] is almost constant un-
til [Fe/H] ∼ −0.3 (dotted line). (Since a larger
amount of metals are ejected for x = 1.1 than
for Salpeter IMF, the time duration of chemical
enrichment should be shorter, i.e., tw = 2 Gyr,
in order to meet the MDF.) The resultant MDF
is shifted to higher metallicity and the number of
metal-poor stars with [Fe/H] <
∼
−1 is as small as in
the observation by Ramirez et al. (2000). In these
bulge models, the chemical enrichment timescale
is so short that [Fe/H] reaches −1.1 at t ∼ 0.4
Gyr, and no difference is realized for the cases
with and without the SN Ia metallicity effect.
4.3. Thick Disk
Several formation scenarios of the Galactic
thick disk have been debated for the following
observational features: i) lack of vertical gradients
of metallicity, ii) existence of SN Ia contribution,
iii) larger [α/Fe] than in thin disk stars, iv) older
age than the thin disk, and v) lack of very metal-
poor G-dwarfs (e.g., Gilmore, Wyse, & Jones
1995; Feltzing 2004).
Here we construct several models for the thick
disk as well as the Galactic halo and bulge. Al-
though we use the one-zone model, we do not as-
sume that the thick disk is formed monolithically,
and violent heating and satellite accretion scenar-
ios are not excluded. Because of the lack of very
metal-rich and very young stars in thick disk, we
assume that star formation is truncated at t = tw
(Fig.31a). With these SFRs, the available MDF
can be reproduced (panel c). However, the age-
metallicity (panel b) and [O/Fe]-[Fe/H] (panel d)
relations obtained from these models are different,
with which we can put a constraint on the star for-
mation history as follows:
(A) If the thick disk is formed as well as the thin
disk, we can adopt the same SFR as the solar
neighborhood model in §3.1, but with the cutoff at
6 Gyr (dotted line). It is assumed that the stars
formed in the solar neighborhood model at t > 6
Gyr and t ≤ 6 correspond to the thin and thick
disk stars, respectively. In this scenario, chemical
enrichment takes place slowly in infalling materi-
als. Our model A predicts that the relations of the
age-metallicity and [α/Fe]-[Fe/H] are the same as
in the thin disk, which seems to be inconsistent
with the available observations.
(B) The closed-box model (dashed line) is not vi-
able because of the G-dwarf problem: the lack of
very metal-poor stars in the MDF. In our model
B, the peak metallicity of the observed MDF re-
quires such a short timescale of star formation as
0.5 Gyr, which results in the strong initial star-
burst, a rapid increase of [Fe/H], and much larger
[α/Fe] at [Fe/H] >
∼
− 1.
(C) The infall model with short star formation
timescale (solid line) can meet the observed MDF,
and still give larger [α/Fe] at [Fe/H] >
∼
−1 than the
thin disk model, which is as large as in Prochaska
et al. (2000). This scenario may be quite possible.
Our model C predicts that the age-metallicity re-
lation is different from the thin disk, as shown in
Bensby et al. (2004b), and that the duration of
star formation is as short as ∼ 3 Gyr.
4.4. Discussion
In Figure 32, we compare the [X/Fe]-[Fe/H] re-
lations for the Galactic disk (solid line), halo (long-
dashed line), bulge (short-dashed line), bulge with
a flat IMF (dotted line), and thick disk models
(dot-dashed line). Observational data of thick disk
stars are shown (Prochaska et al. 2000; Bensby et
al. 2003; Gratton et al. 2003), except for the large
stars are for bulge stars (McWilliam & Rich 2004).
Here we take the solar neighborhood model (solid
line in Fig.6) for the disk, the outflow model for
the halo (solid line in Fig.29), the bulge models (B)
with the Salpeter IMF (solid line in Fig.30) and
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the flat IMF (dotted line in Fig.30), and the infall
model (C) for the thick disk (solid line in Fig.31).
We note that these models are constructed based
on the observations of the limited regions (solar
neighborhood and Baade’s window), and the ra-
dial dependencies on star formation and chemical
enrichment histories are neglected. Since, in all
models, the same stellar yields are adopted and
the initial metallicity is set to be primordial, dif-
ferences among model predictions are due to dif-
ferences in the SFR, the IMF, and the SN Ia con-
tribution.
Since the metallicity effect on SNe Ia is included
for all models, all models give similar results at
[Fe/H] <
∼
− 1 where SNe Ia do not contribute.





−1 depend on the IMF, because [α/Fe] is larger
for larger stellar mass. The flat IMF model gives
0.1 dex larger [α/Fe] than Salpeter IMF. The in-
creasing trends of [α/Fe] and decreasing trends of
[(Na,Al,Cu)/Fe] toward lower metallicity are, re-
spectively, originated from the mass and metal-
licity dependences. The slope of these trends de-
pends on the SFRs, namely, the chemical enrich-
ment timescale, which is short in our bulge models.
Therefore, the slope is steep in our bulge models.
From [Fe/H] ∼ −1, [α/Fe] decreases because
of the SN Ia contribution. While the decreasing
point of [α/Fe] is simply determined by the SN
Ia metallicity effect in the disk and halo, but it
is determined by the SN Ia lifetime in the bulge
where the chemical enrichment timescale is short
enough. In such systems as bulge, we can safely
discuss the formation timescale from the [α/Fe]
decreasing point. For faster chemical enrichment,
[α/Fe] starts decreasing at larger [Fe/H]. In our
bulge model with Salpeter IMF, [α/Fe] decreases
from [Fe/H] ∼ −0.7, while from [Fe/H] ∼ −0.4
with the flat IMF model.
Among α-elements, McWilliam & Rich (2004)
showed different trends for the bulge (stars). The
observed O trend is well reproduced with the
Salpeter IMF model, while the flat IMF model is
favored from the constant Mg/Fe. As noted be-
fore, it is difficult to explain the different evolution
of O and Mg with our models. Some uninvolved
physics such as strong stellar winds might be im-
portant. For Si, observational data shows a large
scatter, and is consistent with both models. S and
Ca can be produced also by SNe Ia to some extent,
and thus the observed Ca trend is consistent with
both models.
At the same [Fe/H], iron-peak abundance ratios
also change, and [Mn/Fe] ratio increases quickly
because more Mn is produced by SNe Ia than Fe,
relative to solar abundance (i.e., [Mn/Fe] > 0).
The odd-Z abundance ratios [(Al,Na,Cu)/Fe] in-
crease to be super-solar with a peak at [Fe/H]
∼ −0.4, because of the yield metallicity depen-
dence and the SNe Ia contribution. [Zn/Fe] may
put a constraint on the IMF because Zn yield
depends strongly on the mass and Zn is mainly
produced from HNe and metal-rich massive SNe.
With the flat IMF model, larger enhancement
of [Zn/Fe] is predicted at [Fe/H] >
∼
− 1 than
Salpeter IMF. This does not depend on our as-
sumption of the constant hypernova efficiency ǫHN
because massive SNe produce Zn as much as HNe
at Z ≥ 0.004.
The formation timescale of the system can be
constrained from the elemental abundance ratios
and the metallicity distribution function. How-
ever, since observational results are still contro-
versial, we summarize our predictions focusing on
a part of the observational results. If there is
not many super-solar metal stars in the bulge
like Zoccali et al. (2003)’s MDF, star formation
should be truncated by somehow, and the dura-
tion of star formation should be ∼ 3 Gyr. Even
if no such truncation is included, the star forma-
tion timescale should be as short as ∼ 1 Gyr,
and most stars are as old as ∼ 10 Gyr. On the
other hand, the decrease in [(O,Ca)/Fe] and the
increase in [Mn/Fe] by SNe Ia require that star
formation continues longer than ∼ 1 Gyr. The flat
[(Mg,Si)/Fe] may suggest that the IMF is flatter
than Salpeter IMF and the chemical enrichment
timescale is much shorter. In this case, the dura-
tion of star formation should be shorter (∼ 2 Gyr)
than the Salpeter IMF case, in order to reproduce
the same MDF. It is important to confirm the dif-
ferent trends of O and Mg with large sample, and
Zn observation is also interesting.
For thick disk stars, similar observational fea-
ture is seen. Prochaska et al. (2000) showed
the abundance patterns of thick disk stars (four-
pointed stars). They found that [(O,Si,Ca)/Fe] de-
crease with increasing [Fe/H], while [(Mg,Ti)/Fe]
are constant, which are similar to the bulge
stars except for Si. Bensby et al. (2004) also
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showed that the abundance patterns of thin (cir-
cles) and thick (asterisks) disk are different, and
[(O,Mg,Al)/Fe] and [Zn/Fe] of thick disk are larger
than thin disk. In the thick disk models con-
structed to meet the narrow MDF by Wyse &
Gilmore (1995), star formation and chemical en-
richment take place slightly faster than in our
bulge model. The resultant [X/Fe]-[Fe/H] rela-
tions are similar to those of the bulge model, but
with slightly earlier decrease of [α/Fe] from [Fe/H]
∼ −0.8, which is roughly consistent with observa-
tions (small points except for large stars). There-
fore, we would conclude that the thick disk is as
old as the bulge, and the formation timescale is as
short as ∼ 1− 3 Gyr.
5. Conclusions
We calculate the evolution of heavy element
abundances from C to Zn in the solar neigh-
borhood adopting our new nucleosynthesis yields.
Our new yields are based on the new develop-
ments in the observational/theoretical studies of
supernovae and extremely metal-poor stars in the
Galactic halo. We use the light curve and spec-
tra fitting of individual supernova to estimate the
mass of the progenitor, explosion energy, and pro-
duced 56Ni mass.
The elemental abundance ratios are in good
agreement with observations. Figure 33 provides a
summary of our new yield table set. The solid and
long-dashed lines show the abundance patterns in
our chemical evolution model for the solar neigh-
borhood at [Fe/H] = 0 and −1.1, respectively,
which should correspond to the solar abundance
[X/Fe] = 0 and the IMF weighted SN II yield
without SN Ia contribution, respectively. The
metallicity and energy dependencies of the yields
are demonstrated by the short-dashed and dot-
ted lines, which show the IMF-weighted yield with
Z = 0 and the HN yield with M = 20M⊙, E51 =
10, Z = 0, respectively.
1. The solar abundance (i.e., [X/Fe] = 0) is
basically well reproduced with our chemical
evolution model at [Fe/H] = 0 (solid line).
Some of the discrepancies between our model
and observations may be explained as fol-
lows:
(1) The underabundances of C and N may
suggest that AGB stars and Wolf-Rayet star
winds are the dominant sources of these ele-
ments.
(2) F, K, Sc, Ti, and V are underabundant,
which cannot be increased by changing our
parameters such as metallicity and energy.
A jet-like explosion (Maeda & Nomoto 2003)
can efficiently increase Ti and Zn abun-
dances and a low-density model (UN05)
or neutrino process (Fro¨hlich et al. 2006;
Wanajo 2006; Yoshida, Umeda, & Nomoto
2006) may increase Sc abundance.
(3) Ni overproduction by SNe Ia can be re-
duced (Iwamoto et al. 1999).




−1 (dots, Sneden et al. 1991; Me-
lendez & Barbuy 2002; Gratton et al. 2003)
are in good agreement with our model at
[Fe/H] = −1.1 (long-dashed line), where SNe
Ia do not contribute. Only Ti, Sc and V are
underabundant by 0.4, 0.6 and 0.2 dex, re-
spectively, relative to Fe.





− 2.5 (errorbars) and the observed trends
toward [Fe/H] ∼ −4 (arrows, McWilliam
et al. 1995; Ryan et al. 1996; Cayrel et al.
2004; Honda et al. 2004) may be due to in-
homogeneous enrichment, and could be ex-
plained with the variations of the properties
of individual supernovae such as energy and
metallicity (UN05).
4. The metallicity effect is seen in our IMF-
weighted yield of metal-free stars (short-
dashed line), where the abundance ratios
of the odd-Z elements [(Na, Al, Mn, Cu,
...)/Fe] are smaller than those of the even-
Z elements by ∼ 0.6 dex. The observed
trends (arrows) are well reproduced with this
metallicity effect in our chemical evolution
model.
5. The energy effect is seen in our HN yield for
M = 20M⊙, E51 = 10, and Z = 0 (dotted
line), where the abundance ratios of iron-
peak elements [(Cr, Mn, Co, and Zn)/Fe] are
different from normal SNe II. The observed
trends (arrows) could be explained with the
variation of the explosion energy of individ-
ual supernovae.
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6. [α/Fe] (O, Mg, Si, S, Ca, and Ti) depends on
the mass of the progenitor star and is larger
for massive SNe II. For HNe, however, be-
cause the iron yield is as large as the yields of
α-elements, [α/Fe] is almost constant. This
may account for the observed small scatter of
[α/Fe] in the solar neighborhood, being inde-
pendent of the mixing process of interstellar
medium. The small [α/Fe] (O, Mg, Si, S,
Ca, and Ti) in some anomalous stars is due
to i) SNe Ia, ii) relatively large Fe production
from low-mass SNe II with M = 13−15M⊙,
iii) large Fe production from HNe, or iv)
the SN I.5 explosion of some AGB stars (see
§3.2). The large [α/Fe] is due to i) small Fe
production from SNe II with E51 ≤ 1, or ii)
large fallback mass for HNe. From Zn and
iron-peak elements, we can distinguish the
enrichment source of such stars; HNe pro-
duce large [(Zn,Co)/Fe], and SNe Ia and I.5
produce relatively large [Mn/Fe].
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Fig. 1.— Relative abundance ratios as a function of the progenitor mass with Z = 0. The solid and dashed
lines show normal SNe II with E51 = 1 and HNe.
16
Fig. 2.— The same as Fig.1 but for Z = 0.001.
17
Fig. 3.— The same as Fig.1 but for Z = 0.004.
18
Fig. 4.— The same as Fig.1 but for Z = 0.02.
19
Fig. 5.— The IMF weighted abundance ratios as a function of metallicity of progenitors, where the HN
fraction ǫHN = 0.5 is adopted. Z = 0 results are plotted at logZ = −5.
20
Fig. 6.— The chemical evolution of the solar neighborhood; (a) the star formation rate, (b) the age-metallicity
relation, and (c) the metallicity distribution function for the model with our yields (solid line) and K98 model
with N97 yields (dashed line). Observational data sources are: an errorbar, Matteucci (1997) in panel (a);
filled circles, Edvardsson et al. (1993) in panels (b) and (c); open circles, Wyse & Gilmore (1995) in panel
(c).
21
Fig. 7.— [O/Fe]-[Fe/H] relation for the model
with our yields (solid line) and K98 model with
N97 yield (dashed line). Observational data
sources are: For disk stars, small open circles, Ed-
vardsson et al. (1993); crosses, Feltzing & Gustafs-
son (1998); small filled circles, thin disk stars in
Bensby et al. (2004a); filled and open triangles
respectively for dissipative component and accre-
tion component in Gratton et al. (2003). For halo
stars, large filled circles, Cayrel et al. (2004). UV
OH observation is shown with small crosses (Is-
raelian et al. 1998, 2001) and plus (Boesgaard et
al. 1999). The errorbars shows the average taken
with [OI] from Melendez & Barbuy (2002).
Fig. 8.— [Mg/Fe]-[Fe/H] relation. Observational
data sources are: For disk stars, small open cir-
cles, Edvardsson et al. (1993); crosses, Feltzing &
Gustafsson (1998); small filled circles, thin disk
stars in Bensby et al. (2003); stars, filled triangles,
and open triangles respectively for thin disk, dis-
sipative component, and accretion component in
Gratton et al. (2003). For halo stars, large open
circles, McWilliam et al. (1995); filled squares,
Ryan et al. (1996); large filled circles, Cayrel et
al. (2004); filled pentagons, Honda et al. (2004).
22
 Fig. 9.— [O/Mg] against [Mg/H] for the model
with our yields (solid line) and K98 model with
N97 yields (dashed line). The observational data
is shown with the open circles (Edvardsson et al.
1993), and the filled circle and asterisks respec-
tively for the thin and thick disk stars (Bensby et
al. 2004a).
Fig. 10.— [Si/Fe]-[Fe/H] relation. Observational
data sources are: For disk stars, small open cir-
cles, Edvardsson et al. (1993); crosses, Feltzing &
Gustafsson (1998); small filled circles, thin disk
stars in Bensby et al. (2003); stars, filled trian-
gles, and open triangles respectively for thin disk,
dissipative component, and accretion component
in Gratton et al. (2003). For halo stars, open
squares, Gratton & Sneden (1991); large open
circles, McWilliam et al. (1995); filled squares,
Ryan et al. (1996); large filled circles, Cayrel et
al. (2004); filled pentagons, Honda et al. (2004).
Fig. 11.— [S/Fe]-[Fe/H] relation. Observa-
tional data sources are: asterisks, Israelian & Re-
boro (2001); open pentagons, Takada-Hidai et al.
(2002); filled circles, Chen et al. (2002); open cir-
cles, Nissen et al. (2004); filled pentagons, Takada-
Hidai et al. (2005).
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Fig. 12.— [Ca/Fe]-[Fe/H] relation. See Fig.10 for
the observational data sources.
Fig. 13.— [Ti/Fe]-[Fe/H] relation. See Fig.10 for
the observational data sources.
Fig. 14.— [Na/Fe]-[Fe/H] relation. Observational
data sources are: For disk stars, small open cir-
cles, Edvardsson et al. (1993); crosses, Feltzing &
Gustafsson (1998); small filled circles, thin disk
stars in Bensby et al. (2003); stars, filled triangles,
and open triangles respectively for thin disk, dis-
sipative component, and accretion component in
Gratton et al. (2003). For halo stars, large open
circles, McWilliam et al. (1995); large filled circles,
Cayrel et al. (2004).
Fig. 15.— [Al/Fe]-[Fe/H] relation. Observational
data sources are: For disk stars, small open cir-
cles, Edvardsson et al. (1993); crosses, Feltzing &
Gustafsson (1998); small filled circles, thin disk
stars in Bensby et al. (2003). For halo stars,
large open circles, McWilliam et al. (1995); filled
squares, Ryan et al. (1996); large filled circles,
Cayrel et al. (2004); filled pentagons, Honda et
al. (2004).
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Fig. 16.— [Cu/Fe]-[Fe/H] relation. Observational
data sources are: For halo stars, open squares,
Sneden et al. (1991); eight-pointed asterisks, Pri-
mas et al. (2000); filled pentagons, Honda et al.
(2004).
Fig. 17.— [K/Fe]-[Fe/H] relation. Observational
data source is: For halo stars, large filled circles,
Cayrel et al. (2004).
Fig. 18.— [Sc/Fe]-[Fe/H] relation. Observational
data sources are: For disk stars, crosses, Feltz-
ing & Gustafsson (1998); small filled circles, thin
disk stars in Bensby et al. (2003); filled and open
triangles respectively for dissipative component
and accretion component in Gratton et al. (2003).
For halo stars, open squares, Gratton & Sneden
(1991); large open circles, McWilliam et al. (1995);
filled squares, Ryan et al. (1996); large filled cir-
cles, Cayrel et al. (2004); filled pentagons, Honda
et al. (2004).
Fig. 19.— [V/Fe]-[Fe/H] relation. Observational
data sources are: For disk stars, crosses, Feltzing
& Gustafsson (1998); stars, filled triangles, and
open triangles respectively for thin disk, dissipa-
tive component, and accretion component in Grat-
ton et al. (2003). For halo stars, open squares,
Gratton & Sneden (1991); large open circles,
McWilliam et al. (1995); filled pentagons, Honda
et al. (2004).
25
Fig. 20.— [Cr/Fe]-[Fe/H] relation. Observational
data sources are: For disk stars, crosses, Feltzing
& Gustafsson (1998); small filled circles, thin disk
stars in Bensby et al. (2003); stars, filled trian-
gles, and open triangles respectively for thin disk,
dissipative component, and accretion component
in Gratton et al. (2003). For halo stars, open
squares, Gratton & Sneden (1991); large open
circles, McWilliam et al. (1995); filled squares,
Ryan et al. (1996); large filled circles, Cayrel et
al. (2004).
Fig. 21.— [CrII/Fe]-[Fe/H] relation. Observa-
tional data sources are: For disk stars, crosses,
Feltzing & Gustafsson (1998); small filled circles,
thin disk stars in Bensby et al. (2003); stars, filled
triangles, and open triangles respectively for thin
disk, dissipative component, and accretion compo-
nent in Gratton et al. (2003). For halo stars, open
squares, Gratton & Sneden (1991); filled squares,
Ryan et al. (1996); filled pentagons, Honda et al.
(2004).
Fig. 22.— [Mn/Fe]-[Fe/H] relation. Observational
data sources are: For disk stars, crosses, Feltzing
& Gustafsson (1998); filled and open triangles re-
spectively for dissipative component and accretion
component in Gratton et al. (2003). For halo stars,
open squares, Gratton (1989); large open circles,
McWilliam et al. (1995); filled squares, Ryan et
al. (1996); large filled circles, Cayrel et al. (2004);
filled pentagons, Honda et al. (2004).
Fig. 23.— [Co/Fe]-[Fe/H] relation. Observational
data sources are: For disk stars, crosses, Feltz-
ing & Gustafsson (1998). For halo stars, open
squares, Gratton & Sneden (1991); large open
circles, McWilliam et al. (1995); filled squares,
Ryan et al. (1996); large filled circles, Cayrel et
al. (2004); filled pentagons, Honda et al. (2004).
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Fig. 24.— [Ni/Fe]-[Fe/H] relation. Observational
data sources are: For disk stars, small open cir-
cles, Edvardsson et al. (1993); crosses, Feltzing &
Gustafsson (1998); small filled circles, thin disk
stars in Bensby et al. (2003); stars, filled trian-
gles, and open triangles respectively for thin disk,
dissipative component, and accretion component
in Gratton et al. (2003). For halo stars, open
squares, Sneden et al. (1991); large open circles,
McWilliam et al. (1995); filled squares, Ryan et
al. (1996); large filled circles, Cayrel et al. (2004);
filled pentagons, Honda et al. (2004).
Fig. 25.— [Zn/Fe]-[Fe/H] relation. Observational
data sources are: For disk stars, small filled circles,
thin disk stars in Bensby et al. (2003); filled and
open triangles respectively for dissipative compo-
nent, and accretion component in Gratton et al.
(2003). For halo stars, open squares, Sneden et
al. (1991); eight-pointed asterisks, Primas et al.
(2000); open circles, Nissen et al. (2004); large
filled circles, Cayrel et al. (2004).
Fig. 26.— [C/Fe]-[Fe/H] relation. Observational
data sources are: For disk stars, open diamonds,
Carretta et al. (2000). For halo stars, large open
circles, McWilliam et al. (1995); large filled circles,
Cayrel et al. (2004); filled pentagons, Honda et al.
(2004).
Fig. 27.— [N/Fe]-[Fe/H] relation. Observational
data sources are: For disk stars, open diamonds,
Carretta et al. (2000). For halo stars, large filled
circles, Cayrel et al. (2004).
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Fig. 28.— [X/Fe]-[Fe/H] relations. See Figs.7-27 for the observational data sources.
28
Fig. 29.— The chemical evolution of the Galactic halo; (a) the star formation rate, (b) the age-metallicity
relation, (c) the metallicity distribution function, and (d) the [O/Fe]-[Fe/H] relation. The solid and short-
dashed lines are for the outflow model with and without the SN Ia metallicity effect, respectively. Observa-
tional data sources are: (b) filled circles, Salaris & Weiss (2002); (c) crosses, Zinn (1985); open circles, Laird
et al. (1988); filled circles, Chiba & Yoshii (1998); and (d) small open circles, Edvardsson et al. (1993); small
filled circles, thin disk stars in Bensby et al. (2004a); filled and open triangles, Gratton et al. (2003); large
filled circles, Cayrel et al. (2004).
29
Fig. 30.— The same as Fig.29, but for the Galactic bulge. The dashed and solid lines are for the wind models
to give broad and narrow metallicity distribution functions, respectively. The dotted line is for the model
with a flatter IMF to give constant [O/Fe]. Observational data sources are: (c) filled circles, McWilliam &
Rich (1994); crosses, Ibata & Gilmore (1995); open circles, Sadler et al. (1996); open triangles, Rami´rez et
al. (2000); filled triangles, Zoccali et al. (2003); and (d) stars, McWilliam & Rich (2004).
30
Fig. 31.— The same as Fig.29, but for the Galactic thick disk. The dotted line is for the same model as the
solar neighborhood, but with a truncated SFR. The dashed and solid lines are for the closed-box and infall
models with short star formation timescales. Observational data sources are: (b) filled circles, Bensby et al.
(2004b); (c) open circles, Wyse & Gilmore (1995); and (d) four-pointed stars, Prochaska et al. (2000); filled
and open triangles respectively for dissipative and accretion component in Gratton et al. (2003); asterisks,
thick disk stars in Bensby et al. (2004a).
31
Fig. 32.— [X/Fe]-[Fe/H] relations for the disk (solid line), halo (long-dashed line), and bulge (short dashed
line), bulge with a flatter IMF (dotted line), and thick disk (dot-dashed line) models. Here we take the solar
neighborhood model (solid line in Fig.6) for the disk, the outflow model for the halo (solid line in Fig.29),
the bulge models with the Salpeter IMF (solid line in Fig.30) and the flat IMF (dotted line in Fig.30), and
the infall model for the thick disk (dotted line in Fig.31). Observational data sources are: For thick disk
stars, four-pointed stars, Prochaska et al. (2000); filled and open triangles respectively for dissipative and
accretion component in Gratton et al. (2003); small asterisks, Bensby et al. (2004a). For bulge stars, large
stars, McWilliam & Rich (2004).
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Fig. 33.— The solid and long-dashed lines show the abundance patterns with our chemical evolution model at
[Fe/H] = 0 and −1.1, respectively, which correspond to the solar abundance [X/Fe] = 0 and the IMF weighted
SN II yield without SN Ia contribution, respectively. The dots, errorbars, arrows show the observations for




− 1 (Sneden et al. 1991; Melendez & Barbuy 2002; Gratton et al.




− 2.5, and the trend toward [Fe/H] ∼ −4 (McWilliam et al. 1995;
Ryan et al. 1996; Cayrel et al. 2004; Honda et al. 2004), respectively. The short-dashed and dotted lines
show the IMF-weighted yield with Z = 0 and the HN yield with M = 20M⊙, E51 = 10, Z = 0, respectively.
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Table 1
The nucleosynthesis yields for the Type II Supernovae in the ejecta in M⊙.
M 13 15 18 20 25 30 40
E51 1 1 1 1 1 1 1
Z = 0
Mfinal 13.00 15.00 18.00 20.00 25.00 30.00 40.00
Mcut 1.57 1.48 1.65 1.66 1.92 2.07 2.89
p 6.60E+00 7.58E+00 8.43E+00 8.77E+00 1.06E+01 1.17E+01 1.40E+01
d 1.49E-16 1.69E-16 1.28E-16 8.66E-17 2.02E-16 1.34E-16 3.46E-16
3He 4.12E-05 4.09E-05 3.33E-05 4.76E-05 2.11E-04 2.06E-04 2.57E-05
4He 4.01E+00 4.40E+00 5.42E+00 5.94E+00 8.03E+00 9.52E+00 1.19E+01
6Li 3.65E-23 1.11E-22 4.37E-23 3.65E-21 2.69E-21 1.13E-22 7.54E-22
7Li 2.18E-10 2.94E-10 7.34E-11 2.79E-10 5.68E-09 2.36E-08 3.76E-11
9Be 1.77E-20 3.22E-22 1.05E-22 4.49E-23 1.24E-17 1.26E-20 5.33E-20
10B 2.92E-21 8.30E-20 3.92E-21 1.57E-19 2.87E-18 5.18E-20 2.37E-17
11B 2.94E-16 3.30E-16 7.14E-16 6.55E-17 9.46E-16 3.27E-15 3.07E-14
12C 7.41E-02 1.72E-01 2.19E-01 2.11E-01 2.94E-01 3.38E-01 4.29E-01
13C 8.39E-08 6.21E-08 2.63E-09 1.14E-08 1.47E-08 1.02E-08 3.22E-09
14N 1.83E-03 1.86E-03 1.89E-04 5.42E-05 5.91E-04 1.64E-06 5.89E-07
15N 6.39E-08 6.86E-08 2.40E-08 1.13E-08 1.18E-07 1.68E-08 6.29E-07
16O 4.50E-01 7.73E-01 1.38E+00 2.11E+00 2.79E+00 4.81E+00 8.38E+00
17O 1.69E-06 1.57E-06 2.79E-07 6.83E-08 1.49E-06 1.88E-08 1.42E-09
18O 5.79E-08 4.89E-06 4.63E-06 2.53E-08 6.75E-07 2.07E-09 2.13E-07
19F 1.17E-10 1.97E-09 7.91E-09 1.62E-09 1.71E-09 8.94E-10 2.38E-10
20Ne 1.53E-02 3.27E-01 4.94E-01 9.12E-01 5.33E-01 8.51E-01 3.07E-01
21Ne 5.42E-07 3.76E-05 9.12E-05 4.30E-05 1.33E-05 5.51E-05 1.08E-05
22Ne 1.99E-07 1.61E-05 2.57E-05 6.92E-05 2.02E-05 8.57E-05 6.75E-06
23Na 1.44E-04 2.45E-03 2.08E-03 2.90E-03 1.03E-03 1.42E-03 1.84E-04
24Mg 8.62E-02 6.82E-02 1.57E-01 1.50E-01 1.20E-01 2.27E-01 4.78E-01
25Mg 1.56E-04 2.98E-04 5.83E-04 1.16E-04 3.97E-05 2.44E-04 4.28E-04
26Mg 7.17E-05 3.99E-04 8.77E-04 2.38E-04 5.09E-05 1.32E-04 1.26E-04
27Al 3.78E-03 1.37E-03 3.14E-03 1.37E-03 8.08E-04 2.63E-03 1.47E-02
28Si 8.04E-02 7.32E-02 1.16E-01 9.94E-02 3.51E-01 2.48E-01 1.03E+00
29Si 7.50E-04 2.39E-04 4.42E-04 1.82E-04 2.71E-04 5.88E-04 2.60E-03
30Si 1.42E-03 1.49E-04 3.45E-04 1.10E-04 7.54E-05 2.55E-04 4.06E-03
31P 4.88E-04 5.63E-05 1.32E-04 8.01E-05 8.47E-05 1.17E-04 1.60E-03
32S 2.37E-02 3.20E-02 4.07E-02 5.31E-02 1.85E-01 1.16E-01 3.73E-01
33S 8.98E-05 7.55E-05 1.03E-04 1.98E-04 2.74E-04 1.65E-04 8.10E-04
34S 2.79E-04 2.02E-04 2.85E-04 4.90E-04 4.24E-04 8.42E-05 1.59E-03
36S 1.48E-08 1.43E-09 5.34E-09 2.56E-09 3.42E-10 7.04E-10 3.19E-08
35Cl 5.48E-05 1.47E-05 2.64E-05 6.88E-05 5.42E-05 2.30E-05 2.16E-04
37Cl 3.04E-06 5.83E-06 9.12E-06 3.86E-05 6.12E-05 1.54E-05 9.66E-05
36Ar 3.24E-03 5.28E-03 5.67E-03 9.67E-03 3.10E-02 1.97E-02 4.87E-02
38Ar 5.23E-05 6.23E-05 1.70E-04 3.86E-04 3.59E-04 3.48E-05 1.11E-03
40Ar 8.01E-11 1.78E-11 3.96E-11 1.06E-10 1.77E-11 4.66E-12 1.30E-10
39K 5.02E-06 7.86E-06 1.93E-05 4.40E-05 6.30E-05 1.31E-05 1.18E-04
40K 1.14E-09 9.10E-10 1.96E-09 1.30E-08 8.04E-09 9.94E-10 1.04E-08
41K 3.54E-07 8.05E-07 1.72E-06 9.47E-06 2.08E-05 3.39E-06 2.80E-05
40Ca 2.92E-03 4.41E-03 4.40E-03 6.22E-03 2.48E-02 1.74E-02 3.73E-02
42Ca 9.77E-07 1.23E-06 3.62E-06 1.28E-05 7.46E-06 8.62E-07 2.17E-05
43Ca 6.46E-08 4.93E-08 3.39E-08 7.43E-08 1.58E-08 1.93E-09 9.65E-09
44Ca 1.68E-05 2.21E-05 1.45E-05 1.45E-05 9.79E-06 5.44E-06 8.71E-06
46Ca 1.07E-12 1.76E-12 9.27E-12 1.30E-10 2.78E-11 6.05E-13 5.20E-12
48Ca 1.55E-17 4.21E-14 4.12E-16 4.40E-16 1.26E-11 3.55E-16 1.30E-17
45Sc 2.12E-08 4.03E-08 5.54E-08 2.55E-07 6.16E-07 1.51E-07 5.81E-07
46Ti 6.28E-06 2.71E-06 4.06E-06 5.98E-06 3.18E-06 5.28E-07 1.08E-05
34
Table 1—Continued
M 13 15 18 20 25 30 40
E51 1 1 1 1 1 1 1
47Ti 8.76E-06 3.86E-06 5.30E-06 4.26E-06 5.90E-08 3.80E-08 9.30E-08
48Ti 6.34E-05 8.39E-05 7.65E-05 8.86E-05 1.55E-04 1.81E-04 2.45E-04
49Ti 2.27E-06 3.32E-06 3.00E-06 3.94E-06 7.04E-06 8.84E-06 1.20E-05
50Ti 1.18E-12 9.55E-13 1.72E-12 1.83E-12 2.24E-12 4.59E-14 9.41E-12
50V 1.36E-11 1.05E-11 4.61E-11 1.36E-10 1.17E-10 2.64E-12 6.53E-10
51V 1.65E-05 1.08E-05 1.24E-05 1.10E-05 9.01E-06 1.06E-05 1.76E-05
50Cr 1.04E-05 1.55E-05 2.64E-05 2.22E-05 4.88E-05 3.82E-05 1.78E-04
52Cr 8.80E-04 1.09E-03 1.13E-03 1.36E-03 2.77E-03 3.12E-03 3.95E-03
53Cr 4.96E-05 6.76E-05 6.43E-05 8.28E-05 1.50E-04 1.82E-04 2.61E-04
54Cr 2.35E-10 4.13E-10 3.25E-09 3.18E-09 9.32E-09 1.72E-10 8.59E-08
55Mn 1.33E-04 1.86E-04 1.74E-04 2.26E-04 4.30E-04 5.16E-04 7.15E-04
54Fe 7.29E-04 1.24E-03 1.40E-03 1.42E-03 3.31E-03 4.09E-03 9.30E-03
56Fe 7.00E-02 7.00E-02 7.00E-02 7.00E-02 7.00E-02 7.00E-02 7.02E-02
57Fe 9.97E-04 1.14E-03 8.78E-04 8.67E-04 4.67E-04 4.83E-04 5.01E-04
58Fe 5.67E-11 1.76E-10 8.07E-10 1.05E-09 2.31E-09 2.26E-10 1.41E-08
59Co 1.76E-04 1.32E-04 1.61E-04 1.50E-04 1.57E-05 2.47E-06 1.88E-06
58Ni 3.85E-04 4.14E-04 3.83E-04 3.78E-04 2.93E-04 3.82E-04 5.74E-04
60Ni 2.12E-03 1.62E-03 1.57E-03 1.34E-03 1.48E-04 3.60E-06 4.38E-06
61Ni 3.61E-05 3.14E-05 2.12E-05 1.85E-05 5.77E-07 6.04E-09 1.32E-09
62Ni 1.94E-05 1.51E-05 1.35E-05 1.19E-05 3.88E-07 1.64E-09 5.36E-10
64Ni 3.83E-15 9.97E-14 1.09E-14 6.10E-14 3.27E-12 3.26E-14 7.71E-15
63Cu 4.89E-06 3.54E-06 3.92E-06 3.44E-06 1.23E-07 2.37E-10 2.06E-11
65Cu 2.14E-07 2.42E-07 1.63E-07 1.42E-07 7.79E-09 1.03E-12 1.30E-13
64Zn 1.25E-04 1.22E-04 9.50E-05 8.29E-05 2.54E-06 3.02E-10 4.36E-11
66Zn 6.84E-07 1.07E-06 5.05E-07 4.24E-07 1.59E-08 3.53E-12 5.14E-13
67Zn 1.62E-08 2.33E-08 1.30E-08 1.05E-08 2.16E-10 6.31E-13 8.47E-14
68Zn 2.94E-08 3.25E-08 4.02E-08 3.43E-08 8.05E-10 1.30E-12 2.62E-13
70Zn 6.94E-16 3.59E-14 6.59E-15 2.51E-14 3.97E-14 1.86E-14 4.45E-16
69Ga 7.81E-09 5.62E-09 6.10E-09 4.93E-09 8.74E-11 5.06E-13 4.26E-15
71Ga 8.53E-15 1.12E-13 1.84E-14 9.21E-14 2.24E-13 2.34E-14 1.36E-15
70Ge 8.99E-09 6.57E-09 4.80E-09 3.93E-09 6.84E-12 2.19E-12 1.89E-12
72Ge 1.73E-14 8.02E-13 5.74E-13 3.33E-13 1.30E-13 8.32E-13 4.61E-14
73Ge 1.56E-14 1.19E-13 1.09E-13 1.66E-13 1.39E-13 9.13E-14 2.94E-15
74Ge 4.13E-15 1.20E-13 4.87E-14 1.00E-13 2.55E-13 2.97E-14 8.35E-16
Z = 0.001
Mfinal 12.93 14.92 17.84 19.72 24.42 29.05 37.81
Mcut 1.65 1.53 1.70 1.85 1.91 2.06 3.17
p 6.44E+00 7.45E+00 8.46E+00 8.43E+00 9.80E+00 1.11E+01 1.29E+01
d 7.19E-15 3.38E-12 3.07E-15 4.35E-16 4.47E-16 5.03E-16 7.03E-14
3He 1.43E-04 1.53E-04 1.57E-04 1.60E-04 1.26E-04 1.44E-04 1.21E-04
4He 3.86E+00 5.16E+00 6.54E+00 5.94E+00 6.97E+00 8.38E+00 1.09E+01
6Li 2.37E-17 1.11E-17 8.84E-18 2.40E-23 2.35E-21 2.75E-23 2.29E-16
7Li 6.34E-10 3.76E-13 5.83E-13 8.47E-11 9.12E-13 1.12E-12 6.68E-12
9Be 2.33E-17 9.06E-16 9.32E-17 1.43E-23 2.05E-25 0.00E+00 4.06E-16
10B 1.15E-11 6.01E-12 6.57E-12 2.37E-12 7.60E-12 2.25E-12 2.01E-12
11B 5.11E-11 2.68E-11 2.94E-11 1.03E-11 3.42E-11 1.01E-11 7.02E-12
12C 1.07E-01 8.50E-02 1.30E-01 1.28E-01 2.15E-01 1.21E-01 7.37E-02
13C 1.67E-04 5.38E-05 7.20E-05 1.96E-05 9.81E-05 8.20E-05 2.82E-04
14N 9.07E-03 3.58E-03 4.47E-03 1.29E-02 9.20E-03 6.19E-03 8.69E-03
15N 7.57E-06 8.59E-07 9.21E-07 1.37E-06 7.24E-06 3.79E-07 2.45E-06
16O 5.04E-01 2.94E-01 4.22E-01 2.18E+00 3.82E+00 5.33E+00 8.37E+00
17O 6.96E-05 2.56E-05 2.42E-05 2.18E-05 2.79E-05 4.87E-05 2.86E-05
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18O 1.81E-03 3.66E-04 3.06E-04 8.09E-06 7.05E-05 2.69E-05 2.63E-05
19F 3.07E-06 1.98E-07 3.32E-07 2.81E-06 6.12E-07 2.39E-06 4.47E-06
20Ne 6.60E-02 1.90E-01 1.77E-01 6.27E-01 1.22E+00 1.45E+00 2.87E-01
21Ne 1.85E-04 6.75E-05 8.76E-05 1.37E-04 5.09E-04 6.11E-04 1.11E-04
22Ne 1.33E-03 2.74E-04 4.75E-04 1.18E-03 1.47E-03 1.56E-03 8.76E-04
23Na 5.41E-04 1.96E-03 2.09E-03 1.81E-03 8.09E-03 6.86E-03 9.00E-04
24Mg 6.36E-02 6.37E-02 5.93E-02 2.42E-01 1.79E-01 2.86E-01 7.04E-01
25Mg 1.40E-03 8.80E-04 9.46E-04 2.40E-03 1.74E-03 3.55E-03 2.21E-03
26Mg 8.34E-04 1.14E-03 9.27E-04 2.44E-03 1.99E-03 4.27E-03 1.11E-03
27Al 3.57E-03 2.35E-03 2.31E-03 6.98E-03 5.05E-03 8.73E-03 3.01E-02
28Si 8.99E-02 4.29E-02 1.53E-01 1.28E-01 1.20E-01 1.65E-01 8.81E-01
29Si 1.42E-03 3.82E-04 6.01E-04 1.11E-03 4.40E-04 1.03E-03 6.04E-03
30Si 1.85E-03 4.25E-04 5.34E-04 7.76E-04 2.75E-04 7.09E-04 1.01E-02
31P 5.31E-04 8.12E-05 1.87E-04 1.97E-04 1.07E-04 2.04E-04 3.48E-03
32S 3.70E-02 1.64E-02 7.88E-02 5.62E-02 5.51E-02 7.80E-02 3.29E-01
33S 1.96E-04 4.76E-05 3.01E-04 9.91E-05 8.12E-05 1.39E-04 8.37E-04
34S 9.22E-04 2.39E-04 6.37E-04 3.10E-04 1.79E-04 3.68E-04 2.12E-03
36S 7.49E-07 1.55E-07 3.20E-07 4.05E-07 6.53E-07 9.04E-07 5.56E-07
35Cl 8.16E-05 8.10E-06 8.16E-05 2.33E-05 2.10E-05 3.35E-05 3.52E-04
37Cl 1.44E-05 2.63E-06 4.13E-05 1.02E-05 1.29E-05 1.92E-05 6.31E-05
36Ar 5.69E-03 2.46E-03 1.22E-02 1.01E-02 9.29E-03 1.35E-02 4.56E-02
38Ar 2.68E-04 2.26E-05 4.12E-04 1.07E-04 8.25E-05 1.63E-04 8.37E-04
40Ar 1.76E-07 4.90E-08 1.03E-07 5.43E-08 9.81E-08 1.19E-07 6.83E-08
39K 2.51E-05 4.15E-06 5.69E-05 1.39E-05 1.53E-05 2.37E-05 1.11E-04
40K 2.66E-08 1.95E-09 3.92E-08 7.57E-09 9.91E-09 9.51E-09 2.38E-08
41K 2.41E-06 3.13E-07 1.09E-05 2.07E-06 2.22E-06 3.98E-06 1.52E-05
40Ca 4.73E-03 1.73E-03 8.06E-03 9.20E-03 7.94E-03 1.17E-02 3.66E-02
42Ca 6.62E-06 4.05E-07 1.35E-05 2.79E-06 2.49E-06 4.64E-06 2.29E-05
43Ca 4.15E-07 3.35E-07 2.45E-07 1.91E-07 2.90E-07 3.55E-07 2.81E-07
44Ca 2.48E-05 2.07E-05 1.87E-05 4.88E-06 7.96E-06 6.44E-06 1.10E-05
46Ca 6.65E-08 1.41E-08 2.55E-08 3.35E-08 3.02E-08 7.10E-08 1.22E-07
48Ca 3.16E-07 9.66E-08 1.22E-07 1.25E-07 1.57E-07 1.86E-07 2.17E-07
45Sc 2.52E-07 5.08E-08 3.55E-07 2.16E-07 3.24E-07 4.22E-07 9.92E-07
46Ti 3.99E-06 1.24E-05 5.11E-06 1.36E-06 1.31E-06 2.15E-06 9.99E-06
47Ti 2.55E-06 1.28E-05 1.50E-06 4.30E-07 3.36E-07 4.50E-07 6.35E-07
48Ti 9.68E-05 5.19E-05 9.98E-05 1.37E-04 1.17E-04 1.67E-04 2.53E-04
49Ti 3.85E-06 1.94E-06 4.13E-06 6.78E-06 5.68E-06 8.43E-06 1.40E-05
50Ti 6.32E-07 1.62E-07 1.86E-07 5.05E-07 8.49E-07 1.14E-06 1.16E-06
50V 1.10E-08 1.12E-09 1.81E-09 8.49E-09 1.31E-08 2.06E-08 9.25E-08
51V 8.95E-06 1.62E-05 7.56E-06 8.23E-06 7.52E-06 9.95E-06 1.94E-05
50Cr 2.10E-05 1.33E-05 2.99E-05 2.37E-05 2.75E-05 3.51E-05 1.35E-04
52Cr 1.20E-03 3.03E-04 1.52E-03 2.22E-03 2.18E-03 2.92E-03 3.94E-03
53Cr 7.43E-05 2.82E-05 9.07E-05 1.37E-04 1.11E-04 1.77E-04 2.56E-04
54Cr 1.87E-06 4.80E-07 5.96E-07 1.41E-06 2.19E-06 2.74E-06 2.84E-06
55Mn 2.27E-04 8.01E-05 2.81E-04 3.80E-04 2.99E-04 5.01E-04 7.86E-04
54Fe 1.53E-03 7.07E-04 2.06E-03 2.37E-03 2.25E-03 3.31E-03 1.04E-02
56Fe 7.26E-02 7.08E-02 7.11E-02 7.09E-02 7.11E-02 7.12E-02 7.15E-02
57Fe 1.41E-03 1.75E-03 1.27E-03 7.21E-04 5.30E-04 5.83E-04 5.75E-04
58Fe 5.68E-05 1.31E-05 1.55E-05 4.99E-05 7.78E-05 9.28E-05 1.02E-04
59Co 8.91E-05 2.32E-04 6.30E-05 6.21E-05 3.42E-05 5.39E-05 4.42E-05
58Ni 5.09E-04 9.11E-04 1.76E-03 3.54E-04 2.51E-04 3.79E-04 7.80E-04
60Ni 1.62E-03 2.57E-03 1.17E-03 2.95E-04 6.57E-05 1.94E-04 1.01E-04
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E51 1 1 1 1 1 1 1
61Ni 5.05E-05 6.92E-05 4.63E-05 1.22E-05 1.57E-05 2.10E-05 2.06E-05
62Ni 1.01E-04 1.87E-04 2.97E-04 2.54E-05 3.71E-05 5.15E-05 7.60E-05
64Ni 1.62E-05 1.83E-06 2.30E-06 2.37E-05 4.32E-05 6.46E-05 7.83E-05
63Cu 8.05E-06 5.47E-06 2.78E-06 9.64E-06 1.44E-05 1.97E-05 1.40E-05
65Cu 4.86E-06 8.85E-07 1.14E-06 8.05E-06 1.50E-05 2.23E-05 2.90E-05
64Zn 7.15E-05 6.50E-05 5.32E-05 1.17E-05 9.03E-06 1.61E-05 1.29E-05
66Zn 9.89E-06 3.96E-06 7.73E-06 1.12E-05 1.93E-05 3.09E-05 4.78E-05
67Zn 1.04E-06 1.41E-07 1.87E-07 2.04E-06 3.86E-06 6.06E-06 4.18E-06
68Zn 6.87E-06 5.82E-07 7.86E-07 9.86E-06 1.86E-05 3.15E-05 4.63E-05
70Zn 2.29E-07 1.05E-08 1.75E-08 2.86E-08 2.35E-08 7.37E-08 1.39E-07
69Ga 7.11E-07 7.43E-08 1.13E-07 1.24E-06 2.33E-06 3.73E-06 4.73E-06
71Ga 6.34E-07 5.13E-08 7.70E-08 1.09E-06 2.01E-06 3.84E-06 5.46E-06
70Ge 8.84E-07 1.01E-07 1.46E-07 1.99E-06 3.78E-06 6.48E-06 8.61E-06
72Ge 1.57E-06 9.80E-08 1.37E-07 2.00E-06 4.12E-06 7.28E-06 1.39E-05
73Ge 2.40E-07 2.18E-08 3.05E-08 3.91E-07 7.25E-07 1.40E-06 6.61E-07
74Ge 2.86E-06 1.89E-07 2.62E-07 4.12E-06 9.16E-06 1.77E-05 2.63E-05
Z = 0.004
Mfinal 12.86 14.39 16.59 19.52 24.03 27.56 32.93
Mcut 1.61 1.50 1.61 1.76 1.68 2.56 2.81
p 6.37E+00 7.11E+00 7.47E+00 8.95E+00 1.02E+01 1.01E+01 1.03E+01
d 1.07E-14 1.99E-14 4.58E-14 8.80E-14 3.23E-16 6.93E-14 2.64E-16
3He 1.70E-04 1.59E-04 2.24E-04 1.75E-04 1.85E-04 1.84E-04 1.80E-04
4He 4.04E+00 4.95E+00 6.06E+00 7.03E+00 8.48E+00 7.92E+00 8.12E+00
6Li 3.44E-17 6.50E-17 1.50E-16 2.90E-16 5.19E-23 2.23E-16 2.14E-20
7Li 3.15E-15 7.20E-14 5.04E-13 1.56E-12 1.02E-13 8.01E-13 4.71E-12
9Be 1.07E-16 1.08E-16 1.58E-16 5.51E-16 4.88E-24 3.78E-16 6.00E-22
10B 2.55E-11 2.55E-11 1.55E-10 2.92E-11 3.09E-11 3.04E-11 6.57E-12
11B 1.15E-10 1.15E-10 6.97E-10 4.60E-08 1.39E-10 1.37E-10 2.80E-11
12C 8.78E-02 8.81E-02 1.05E-01 9.74E-02 1.32E-01 1.82E-01 4.58E-01
13C 1.88E-04 2.09E-04 6.03E-02 2.92E-04 3.83E-04 3.39E-04 3.68E-04
14N 9.08E-03 1.29E-02 7.27E-02 1.84E-02 3.15E-02 2.01E-02 2.60E-02
15N 6.84E-06 8.70E-06 5.35E-02 2.78E-05 9.53E-05 4.98E-06 5.01E-06
16O 3.85E-01 2.92E-01 5.21E-01 9.94E-01 2.20E+00 4.79E+00 7.96E+00
17O 8.75E-05 8.66E-05 1.11E-03 1.04E-04 1.12E-04 1.20E-04 1.59E-04
18O 1.95E-03 9.68E-04 5.20E-02 1.28E-03 8.48E-04 4.35E-05 8.37E-04
19F 1.98E-06 2.13E-06 1.21E-05 5.36E-06 8.50E-05 1.16E-05 1.04E-06
20Ne 1.32E-01 1.25E-01 2.00E-01 2.77E-01 8.20E-01 9.37E-01 1.88E+00
21Ne 1.85E-04 1.43E-04 1.00E-03 2.58E-04 3.83E-04 7.21E-04 1.17E-03
22Ne 1.05E-03 7.54E-04 4.17E-03 2.16E-03 4.57E-03 6.18E-03 2.87E-03
23Na 1.50E-03 8.19E-04 6.63E-03 4.07E-03 6.25E-03 1.41E-02 2.61E-02
24Mg 4.38E-02 7.46E-02 6.93E-02 9.65E-02 2.33E-01 2.18E-01 3.79E-01
25Mg 1.38E-03 1.95E-03 8.20E-03 2.20E-03 6.04E-03 7.09E-03 1.20E-02
26Mg 1.24E-03 1.93E-03 6.46E-03 1.88E-03 6.71E-03 7.08E-03 1.33E-02
27Al 2.21E-03 3.31E-03 6.29E-03 5.13E-03 1.12E-02 1.69E-02 3.04E-02
28Si 6.11E-02 1.03E-01 9.41E-02 1.24E-01 1.19E-01 3.95E-01 5.23E-01
29Si 5.41E-04 1.12E-03 2.70E-03 1.27E-03 1.93E-03 3.37E-03 4.55E-03
30Si 6.56E-04 1.29E-03 3.89E-03 1.61E-03 1.58E-03 4.82E-03 6.50E-03
31P 1.50E-04 2.74E-04 7.36E-04 3.87E-04 3.86E-04 1.02E-03 1.48E-03
32S 2.68E-02 3.44E-02 4.07E-02 5.15E-02 3.48E-02 1.90E-01 2.26E-01
33S 9.09E-05 1.83E-04 2.62E-04 1.89E-04 1.66E-04 4.34E-04 4.55E-04
34S 4.27E-04 9.56E-04 2.38E-03 9.12E-04 7.22E-04 2.03E-03 2.35E-03
36S 7.10E-07 9.91E-07 7.79E-06 1.36E-06 2.68E-06 6.10E-06 1.19E-05
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M 13 15 18 20 25 30 40
E51 1 1 1 1 1 1 1
35Cl 2.66E-05 5.21E-05 1.09E-04 5.46E-05 5.30E-05 1.23E-04 1.56E-04
37Cl 1.01E-05 1.65E-05 4.60E-05 2.05E-05 3.03E-05 7.79E-05 1.13E-04
36Ar 4.50E-03 4.31E-03 6.96E-03 7.99E-03 4.73E-03 3.09E-02 3.48E-02
38Ar 1.66E-04 4.94E-04 7.43E-04 3.06E-04 2.67E-04 9.77E-04 1.14E-03
40Ar 2.30E-07 3.74E-07 2.55E-06 3.30E-07 3.57E-07 9.25E-07 1.15E-06
39K 1.78E-05 3.20E-05 7.20E-05 3.12E-05 2.64E-05 1.02E-04 9.93E-05
40K 7.79E-09 9.13E-09 6.68E-08 1.85E-08 3.34E-08 7.91E-08 7.41E-08
41K 1.87E-06 2.46E-06 7.11E-06 3.13E-06 3.43E-06 1.30E-05 1.35E-05
40Ca 3.91E-03 3.08E-03 6.12E-03 6.50E-03 3.77E-03 2.59E-02 2.83E-02
42Ca 4.16E-06 9.59E-06 1.81E-05 7.31E-06 6.00E-06 2.65E-05 2.98E-05
43Ca 3.41E-07 3.60E-07 1.93E-06 5.23E-07 7.95E-07 9.89E-07 1.43E-06
44Ca 2.07E-05 2.30E-05 3.40E-05 2.09E-05 2.65E-05 1.52E-05 1.88E-05
46Ca 7.37E-08 1.18E-07 6.81E-07 1.10E-07 1.28E-07 1.97E-07 3.24E-07
48Ca 3.22E-07 4.02E-07 2.37E-06 5.02E-07 6.19E-07 6.48E-07 7.80E-07
45Sc 2.16E-07 2.48E-07 1.35E-06 3.61E-07 5.30E-07 1.09E-06 1.64E-06
46Ti 5.16E-06 6.10E-06 8.19E-06 3.54E-06 5.14E-06 1.22E-05 1.40E-05
47Ti 5.40E-06 3.40E-06 4.65E-06 1.34E-06 6.46E-06 1.46E-06 2.04E-06
48Ti 8.17E-05 7.41E-05 1.37E-04 1.14E-04 8.94E-05 2.33E-04 2.69E-04
49Ti 3.49E-06 2.81E-06 7.25E-06 5.20E-06 4.09E-06 1.36E-05 1.72E-05
50Ti 5.85E-07 5.61E-07 3.72E-06 1.08E-06 2.25E-06 4.10E-06 7.70E-06
50V 4.61E-09 4.94E-09 4.06E-08 1.01E-08 1.98E-08 5.38E-08 9.68E-08
51V 1.31E-05 9.56E-06 1.23E-05 8.01E-06 1.41E-05 1.77E-05 2.20E-05
50Cr 1.75E-05 2.71E-05 3.34E-05 3.06E-05 2.47E-05 8.56E-05 1.21E-04
52Cr 1.11E-03 9.63E-04 1.81E-03 1.66E-03 1.24E-03 3.73E-03 4.08E-03
53Cr 6.78E-05 5.90E-05 1.23E-04 1.04E-04 7.21E-05 2.43E-04 2.76E-04
54Cr 1.75E-06 1.84E-06 1.07E-05 3.11E-06 5.79E-06 8.65E-06 1.39E-05
55Mn 2.00E-04 1.71E-04 4.68E-04 3.29E-04 2.34E-04 7.62E-04 8.38E-04
54Fe 1.24E-03 1.23E-03 2.63E-03 2.37E-03 1.41E-03 7.09E-03 9.39E-03
56Fe 7.26E-02 7.30E-02 8.72E-02 7.40E-02 7.47E-02 7.46E-02 7.47E-02
57Fe 1.05E-03 1.13E-03 4.00E-03 1.22E-03 1.05E-03 7.15E-04 7.31E-04
58Fe 4.77E-05 4.89E-05 2.66E-04 9.17E-05 1.85E-04 2.89E-04 4.34E-04
59Co 1.96E-04 1.31E-04 2.69E-04 6.21E-05 2.17E-04 1.29E-04 1.91E-04
58Ni 5.14E-04 4.64E-04 2.25E-02 4.93E-04 5.44E-04 7.14E-04 8.27E-04
60Ni 1.80E-03 1.67E-03 1.37E-03 1.29E-03 1.80E-03 2.63E-04 3.80E-04
61Ni 4.25E-05 4.99E-05 2.66E-04 5.67E-05 6.09E-05 5.55E-05 9.80E-05
62Ni 3.55E-05 2.40E-05 3.08E-03 9.09E-05 1.09E-04 1.75E-04 3.01E-04
64Ni 1.09E-05 3.62E-06 6.69E-05 2.79E-05 9.88E-05 1.95E-04 4.25E-04
63Cu 1.05E-05 5.37E-06 3.62E-05 1.35E-05 4.27E-05 5.23E-05 1.04E-04
65Cu 3.81E-06 1.51E-06 2.12E-05 1.02E-05 3.17E-05 6.94E-05 1.45E-04
64Zn 1.14E-04 1.16E-04 2.31E-05 6.04E-05 1.29E-04 2.98E-05 5.80E-05
66Zn 6.72E-06 4.66E-06 8.57E-05 1.71E-05 4.58E-05 1.06E-04 2.18E-04
67Zn 7.89E-07 3.21E-07 5.78E-06 2.25E-06 8.56E-06 1.82E-05 4.11E-05
68Zn 3.52E-06 1.52E-06 2.86E-05 1.17E-05 4.38E-05 1.20E-04 2.65E-04
70Zn 1.13E-07 8.93E-08 1.06E-06 9.23E-08 1.66E-07 4.58E-07 5.82E-07
69Ga 5.06E-07 1.74E-07 2.88E-06 1.55E-06 5.59E-06 1.60E-05 3.37E-05
71Ga 3.05E-07 2.05E-07 2.89E-06 1.17E-06 4.72E-06 1.33E-05 2.92E-05
70Ge 6.23E-07 2.08E-07 3.42E-06 2.13E-06 8.24E-06 2.38E-05 5.16E-05
72Ge 6.71E-07 2.88E-07 4.82E-06 2.43E-06 9.76E-06 4.18E-05 8.41E-05
73Ge 1.52E-07 7.93E-08 1.08E-06 4.30E-07 1.98E-06 6.05E-06 1.37E-05
74Ge 1.03E-06 5.17E-07 1.08E-05 4.55E-06 2.17E-05 1.22E-04 2.49E-04
Z = 0.02
Mfinal 12.73 14.14 16.76 18.36 21.63 24.58 21.83
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M 13 15 18 20 25 30 40
E51 1 1 1 1 1 1 1
Mcut 1.60 1.50 1.58 1.55 1.69 2.10 2.21
p 6.16E+00 6.79E+00 7.53E+00 7.93E+00 8.41E+00 8.75E+00 3.55E+00
d 8.34E-15 1.02E-14 4.16E-16 1.20E-15 9.87E-16 1.08E-15 7.71E-17
3He 1.96E-04 2.18E-04 2.30E-04 2.38E-04 2.21E-04 2.12E-04 5.05E-05
4He 4.30E+00 5.25E+00 6.11E+00 6.76E+00 7.24E+00 8.36E+00 4.71E+00
6Li 1.32E-17 3.17E-17 2.78E-19 1.09E-22 9.53E-23 5.90E-23 3.47E-22
7Li 5.63E-11 7.09E-13 2.80E-13 4.32E-12 6.93E-13 4.33E-13 5.72E-13
9Be 4.61E-19 1.55E-18 7.56E-18 4.72E-23 2.23E-20 4.92E-23 7.03E-23
10B 1.12E-10 1.36E-10 1.42E-10 1.47E-10 1.51E-10 1.55E-10 6.96E-14
11B 4.28E-10 6.02E-10 6.41E-10 6.54E-10 6.77E-10 6.92E-10 3.22E-14
12C 1.07E-01 6.51E-02 1.36E-01 2.45E-01 1.52E-01 2.50E-01 5.96E-01
13C 1.00E-03 1.15E-03 1.38E-03 1.45E-03 6.66E-02 1.92E-03 4.31E-04
14N 4.80E-02 6.15E-02 6.61E-02 7.19E-02 8.43E-02 1.02E-01 5.81E-02
15N 4.09E-05 5.97E-05 1.53E-05 2.24E-04 4.63E-02 6.56E-06 5.72E-06
16O 2.18E-01 1.62E-01 7.70E-01 1.05E+00 2.35E+00 3.22E+00 7.33E+00
17O 8.68E-04 8.12E-04 8.76E-04 9.51E-04 1.34E-03 1.69E-03 9.72E-04
18O 3.50E-03 2.54E-03 1.17E-02 5.22E-03 8.43E-02 6.18E-03 1.23E-02
19F 1.42E-05 1.64E-05 4.47E-06 6.05E-05 1.19E-04 7.81E-06 5.26E-06
20Ne 3.47E-02 3.39E-02 1.49E-01 3.94E-01 8.53E-01 9.37E-01 2.21E+00
21Ne 2.25E-04 1.30E-04 2.02E-04 1.81E-03 1.59E-03 2.97E-03 4.97E-03
22Ne 4.52E-03 1.72E-03 6.63E-03 9.04E-03 1.68E-02 1.86E-02 1.09E-02
23Na 9.25E-04 1.06E-03 2.93E-03 1.68E-02 1.86E-02 3.47E-02 7.76E-02
24Mg 2.52E-02 3.79E-02 1.03E-01 7.16E-02 2.18E-01 1.88E-01 3.10E-01
25Mg 2.56E-03 1.47E-03 7.08E-03 1.44E-02 3.13E-02 3.12E-02 7.28E-02
26Mg 2.18E-03 1.73E-03 5.90E-03 8.87E-03 2.73E-02 2.80E-02 7.34E-02
27Al 1.50E-03 2.44E-03 1.00E-02 9.90E-03 2.70E-02 3.41E-02 8.30E-02
28Si 7.48E-02 8.38E-02 1.01E-01 6.32E-02 1.28E-01 2.40E-01 2.41E-01
29Si 1.49E-03 2.20E-03 6.96E-03 2.04E-03 7.06E-03 7.38E-03 9.99E-03
30Si 1.55E-03 2.75E-03 6.82E-03 2.44E-03 6.19E-03 1.06E-02 9.76E-03
31P 3.75E-04 7.06E-04 1.74E-03 6.58E-04 1.50E-03 2.56E-03 3.53E-03
32S 3.73E-02 3.47E-02 3.69E-02 2.81E-02 4.99E-02 1.08E-01 1.09E-01
33S 2.00E-04 2.44E-04 3.51E-04 2.26E-04 3.25E-04 4.81E-04 4.81E-04
34S 1.64E-03 1.53E-03 2.19E-03 1.70E-03 2.26E-03 3.76E-03 3.42E-03
36S 5.37E-06 2.54E-06 1.20E-05 9.19E-06 2.42E-05 5.09E-05 9.40E-05
35Cl 1.15E-04 1.37E-04 1.75E-04 1.25E-04 1.62E-04 2.33E-04 2.76E-04
37Cl 3.03E-05 2.49E-05 5.65E-05 8.42E-05 1.70E-04 2.63E-04 5.64E-04
36Ar 6.29E-03 4.90E-03 5.48E-03 4.66E-03 7.92E-03 1.81E-02 1.81E-02
38Ar 6.86E-04 6.51E-04 7.83E-04 6.74E-04 8.98E-04 1.64E-03 1.65E-03
40Ar 8.96E-07 1.06E-06 1.30E-06 1.42E-06 2.68E-06 7.41E-06 5.67E-06
39K 5.02E-05 7.00E-05 7.67E-05 7.39E-05 8.83E-05 1.29E-04 1.14E-04
40K 1.28E-07 6.43E-08 1.38E-07 9.30E-08 2.00E-07 2.94E-07 4.05E-07
41K 4.68E-06 5.85E-06 7.75E-06 9.03E-06 1.39E-05 1.97E-05 4.52E-05
40Ca 4.93E-03 4.01E-03 4.54E-03 3.74E-03 6.55E-03 1.57E-02 1.56E-02
42Ca 1.39E-05 1.75E-05 2.07E-05 1.74E-05 2.47E-05 4.15E-05 4.48E-05
43Ca 1.36E-06 1.50E-06 2.12E-06 2.52E-06 3.42E-06 2.97E-06 4.93E-06
44Ca 3.52E-05 3.55E-05 5.45E-05 5.79E-05 5.11E-05 4.04E-05 4.67E-05
46Ca 2.12E-07 3.33E-07 7.83E-07 6.15E-07 1.19E-06 1.18E-06 2.86E-06
48Ca 1.58E-06 1.86E-06 2.73E-06 2.35E-06 2.73E-06 1.42E-05 2.43E-06
45Sc 7.29E-07 9.30E-07 1.26E-06 1.30E-06 2.80E-06 2.58E-06 6.15E-06
46Ti 6.01E-06 8.64E-06 9.50E-06 8.53E-06 1.14E-05 1.86E-05 2.11E-05
47Ti 4.41E-06 3.44E-06 5.34E-06 6.55E-06 5.59E-06 8.81E-06 6.75E-06
48Ti 8.13E-05 1.07E-04 1.32E-04 1.15E-04 1.53E-04 2.53E-04 2.44E-04
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Table 1—Continued
M 13 15 18 20 25 30 40
E51 1 1 1 1 1 1 1
49Ti 4.74E-06 5.07E-06 6.11E-06 6.37E-06 1.10E-05 1.92E-05 2.42E-05
50Ti 2.33E-06 2.41E-06 3.91E-06 5.82E-06 1.23E-05 9.91E-06 3.81E-05
50V 2.03E-08 2.66E-08 6.60E-08 3.89E-08 9.61E-08 2.49E-07 1.87E-07
51V 1.18E-05 9.96E-06 1.14E-05 1.33E-05 1.44E-05 2.50E-05 2.24E-05
50Cr 2.24E-05 3.95E-05 3.68E-05 3.10E-05 5.22E-05 7.71E-05 9.21E-05
52Cr 6.48E-04 1.27E-03 1.28E-03 1.08E-03 2.04E-03 3.76E-03 3.78E-03
53Cr 6.24E-05 9.27E-05 9.62E-05 8.28E-05 1.41E-04 2.74E-04 2.50E-04
54Cr 6.55E-06 6.80E-06 1.52E-05 1.66E-05 2.77E-05 5.12E-05 5.67E-05
55Mn 2.81E-04 3.80E-04 4.05E-04 3.60E-04 5.50E-04 1.04E-03 8.28E-04
54Fe 1.92E-03 2.46E-03 2.49E-03 2.22E-03 3.84E-03 6.87E-03 6.42E-03
56Fe 8.32E-02 8.52E-02 8.72E-02 8.87E-02 9.01E-02 9.18E-02 8.08E-02
57Fe 2.22E-03 1.99E-03 2.67E-03 2.34E-03 1.87E-03 2.82E-03 9.75E-04
58Fe 1.21E-04 1.10E-04 5.86E-04 4.96E-04 8.37E-04 2.39E-03 1.48E-03
59Co 1.41E-04 9.00E-05 1.82E-04 2.92E-04 3.89E-04 5.39E-04 6.95E-04
58Ni 2.23E-03 1.15E-03 2.70E-03 1.84E-03 1.56E-03 1.55E-03 8.83E-04
60Ni 2.13E-03 1.87E-03 2.13E-03 2.49E-03 1.81E-03 6.12E-04 1.20E-03
61Ni 8.21E-05 1.24E-04 1.04E-04 1.49E-04 2.16E-04 1.10E-04 3.91E-04
62Ni 2.28E-04 1.64E-04 4.64E-04 3.86E-04 6.61E-04 2.22E-04 1.17E-03
64Ni 3.35E-05 1.72E-05 2.99E-05 1.87E-04 6.16E-04 7.11E-05 2.22E-03
63Cu 1.83E-05 1.30E-05 1.90E-05 1.28E-04 2.94E-04 8.56E-05 6.85E-04
65Cu 1.03E-05 7.18E-06 7.63E-06 4.40E-05 1.46E-04 1.30E-05 6.49E-04
64Zn 9.67E-05 6.77E-05 5.74E-05 1.20E-04 5.37E-05 1.87E-05 1.68E-04
66Zn 1.74E-05 1.78E-05 2.17E-05 6.26E-05 2.39E-04 1.55E-05 1.07E-03
67Zn 2.88E-06 1.78E-06 2.03E-06 1.29E-05 5.26E-05 2.73E-06 2.48E-04
68Zn 1.32E-05 7.49E-06 1.17E-05 6.03E-05 3.14E-04 1.27E-05 1.55E-03
70Zn 1.83E-06 5.59E-07 5.13E-07 1.62E-06 8.43E-06 3.69E-07 2.65E-05
69Ga 1.67E-06 8.45E-07 9.10E-07 6.66E-06 2.74E-05 1.38E-06 1.75E-04
71Ga 1.48E-06 7.96E-07 1.06E-06 5.15E-06 2.79E-05 1.11E-06 1.32E-04
70Ge 1.10E-06 8.38E-07 1.08E-06 9.18E-06 4.34E-05 2.04E-06 2.79E-04
72Ge 2.10E-06 1.24E-06 1.83E-06 1.17E-05 7.17E-05 4.08E-06 4.67E-04
73Ge 1.06E-06 3.51E-07 4.45E-07 2.73E-06 1.69E-05 8.12E-07 1.06E-04
74Ge 4.34E-06 2.31E-06 7.07E-06 2.45E-05 1.99E-04 4.98E-05 1.56E-03
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Table 2
The nucleosynthesis yields for Hypernovae in the ejecta in M⊙.
M 20 25 30 40
E51 10 10 20 30
Z = 0
Mfinal 20.00 25.00 30.00 40.00
Mcut 1.88 2.80 3.27 5.53
p 8.77E+00 1.06E+01 1.17E+01 1.40E+01
d 8.66E-17 2.06E-16 1.09E-14 1.66E-14
3He 4.76E-05 2.11E-04 2.06E-04 2.57E-05
4He 5.96E+00 8.03E+00 9.54E+00 1.18E+01
6Li 1.53E-22 3.22E-20 3.50E-17 5.39E-17
7Li 2.79E-10 5.68E-09 2.36E-08 3.42E-11
9Be 4.83E-20 3.69E-17 3.09E-18 9.03E-18
10B 1.95E-19 7.45E-14 1.05E-14 9.41E-15
11B 1.09E-15 1.28E-12 9.53E-14 9.41E-13
12C 1.90E-01 2.67E-01 3.16E-01 3.72E-01
13C 1.18E-08 6.94E-08 6.32E-08 8.19E-08
14N 5.43E-05 5.96E-04 4.18E-05 3.39E-06
15N 2.95E-08 1.75E-07 2.20E-07 6.54E-07
16O 2.03E+00 2.38E+00 3.92E+00 6.32E+00
17O 7.13E-08 1.49E-06 3.81E-08 1.23E-08
18O 2.33E-08 3.87E-07 5.03E-07 2.93E-07
19F 2.12E-09 1.67E-09 7.88E-09 1.17E-07
20Ne 7.49E-01 2.85E-01 5.20E-01 2.64E-01
21Ne 3.58E-05 1.22E-05 3.51E-05 1.41E-05
22Ne 5.51E-05 8.62E-06 3.52E-05 1.66E-05
23Na 2.31E-03 4.42E-04 7.36E-04 3.28E-04
24Mg 1.65E-01 1.53E-01 2.17E-01 3.37E-01
25Mg 1.07E-04 4.57E-05 1.45E-04 5.95E-04
26Mg 2.10E-04 4.02E-05 8.29E-05 1.07E-04
27Al 1.50E-03 8.93E-04 1.55E-03 7.52E-03
28Si 1.03E-01 2.31E-01 2.47E-01 7.20E-01
29Si 2.95E-04 5.38E-04 8.85E-04 3.73E-03
30Si 1.13E-04 6.35E-05 1.47E-04 2.82E-03
31P 7.67E-05 5.91E-05 1.16E-04 1.01E-03
32S 4.27E-02 9.16E-02 8.49E-02 2.59E-01
33S 1.44E-04 2.31E-04 3.02E-04 8.45E-04
34S 1.84E-04 1.26E-04 2.70E-04 2.09E-03
36S 8.33E-10 5.78E-11 1.41E-09 5.04E-08
35Cl 3.95E-05 3.23E-05 4.48E-05 1.80E-04
37Cl 1.88E-05 2.89E-05 2.39E-05 7.96E-05
36Ar 6.80E-03 1.36E-02 1.15E-02 3.55E-02
38Ar 1.27E-04 1.70E-04 9.07E-05 7.83E-04
40Ar 3.79E-11 1.16E-11 1.87E-11 2.68E-10
39K 2.31E-05 3.76E-05 2.05E-05 1.31E-04
40K 4.40E-09 1.40E-09 2.52E-09 1.18E-08
41K 3.73E-06 6.48E-06 3.66E-06 2.13E-05
40Ca 4.77E-03 1.02E-02 8.22E-03 2.86E-02
42Ca 3.41E-06 5.15E-06 1.62E-06 1.97E-05
43Ca 2.60E-07 7.25E-08 1.71E-07 1.40E-07
44Ca 1.26E-04 7.04E-05 1.82E-04 1.75E-04
46Ca 1.15E-11 1.47E-11 9.25E-12 3.69E-11
48Ca 3.74E-15 1.17E-11 8.16E-13 1.27E-11
45Sc 1.85E-07 2.20E-07 6.95E-08 6.28E-07
46Ti 6.54E-06 5.22E-06 6.23E-06 1.11E-05
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Table 2—Continued
M 20 25 30 40
E51 10 10 20 30
47Ti 9.65E-06 9.45E-06 2.08E-05 2.59E-05
48Ti 1.57E-04 1.36E-04 2.81E-04 3.43E-04
49Ti 2.75E-06 3.62E-06 5.70E-06 6.92E-06
50Ti 7.64E-13 6.12E-12 2.49E-12 3.37E-11
50V 2.62E-11 2.79E-11 9.03E-12 1.20E-10
51V 2.42E-05 1.86E-05 3.71E-05 3.48E-05
50Cr 1.68E-05 2.56E-05 1.90E-05 4.13E-05
52Cr 6.58E-04 1.21E-03 1.51E-03 2.70E-03
53Cr 3.33E-05 7.24E-05 9.03E-05 1.31E-04
54Cr 2.61E-09 5.72E-09 9.64E-11 3.52E-09
55Mn 8.22E-05 2.02E-04 2.47E-04 3.68E-04
54Fe 7.18E-04 1.80E-03 1.74E-03 3.30E-03
56Fe 8.24E-02 9.60E-02 1.59E-01 2.56E-01
57Fe 1.78E-03 1.63E-03 3.10E-03 4.24E-03
58Fe 1.28E-09 2.60E-09 9.19E-11 3.31E-09
59Co 3.70E-04 2.38E-04 5.19E-04 5.19E-04
58Ni 8.75E-04 6.72E-04 1.27E-03 1.43E-03
60Ni 2.99E-03 2.80E-03 5.49E-03 8.37E-03
61Ni 6.29E-05 4.34E-05 8.63E-05 9.87E-05
62Ni 4.19E-05 2.86E-05 5.74E-05 6.74E-05
64Ni 9.55E-14 1.56E-11 3.38E-12 2.46E-11
63Cu 1.18E-05 8.19E-06 1.72E-05 2.06E-05
65Cu 7.24E-07 6.01E-07 1.39E-06 1.86E-06
64Zn 3.80E-04 2.64E-04 5.83E-04 6.88E-04
66Zn 5.06E-06 2.59E-06 7.05E-06 6.90E-06
67Zn 1.95E-07 6.07E-08 1.91E-07 1.18E-07
68Zn 8.96E-08 1.21E-07 2.69E-07 4.87E-07
70Zn 8.31E-14 1.95E-12 8.49E-13 1.95E-11
69Ga 1.77E-08 2.11E-08 4.08E-08 8.95E-08
71Ga 1.54E-12 2.17E-11 3.79E-12 1.57E-10
70Ge 2.42E-08 1.44E-08 2.95E-08 3.75E-08
72Ge 6.38E-12 1.69E-11 7.43E-12 7.11E-11
73Ge 1.86E-12 2.64E-11 6.59E-12 9.15E-11
74Ge 2.44E-13 1.32E-11 2.47E-12 4.28E-11
Z = 0.001
Mfinal 19.71 24.45 29.05 37.82
Mcut 2.24 2.15 2.57 5.52
p 8.43E+00 9.80E+00 1.11E+01 1.29E+01
d 4.10E-16 4.47E-16 1.53E-13 2.66E-15
3He 1.60E-04 1.26E-04 1.44E-04 1.21E-04
4He 5.96E+00 7.00E+00 8.43E+00 1.08E+01
6Li 9.37E-22 4.74E-21 5.08E-16 7.65E-18
7Li 8.42E-11 9.12E-13 1.12E-12 1.91E-12
9Be 1.72E-21 2.54E-25 2.59E-16 1.35E-18
10B 2.37E-12 7.60E-12 2.25E-12 2.02E-12
11B 1.05E-11 3.42E-11 1.01E-11 8.36E-12
12C 1.24E-01 1.94E-01 1.05E-01 5.08E-02
13C 1.96E-05 9.81E-05 8.20E-05 2.82E-04
14N 1.29E-02 9.20E-03 6.19E-03 8.53E-03
15N 1.37E-06 7.24E-06 9.07E-07 3.17E-06
16O 2.00E+00 3.70E+00 4.95E+00 6.42E+00
17O 2.18E-05 2.79E-05 4.87E-05 2.83E-05
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18O 8.10E-06 7.05E-05 1.99E-05 1.76E-04
19F 2.81E-06 6.07E-07 2.04E-06 1.65E-06
20Ne 4.56E-01 1.05E+00 1.05E+00 1.83E-01
21Ne 9.70E-05 4.23E-04 4.43E-04 2.16E-05
22Ne 1.17E-03 1.44E-03 1.26E-03 1.25E-04
23Na 1.29E-03 6.76E-03 4.68E-03 6.04E-04
24Mg 2.30E-01 1.93E-01 3.11E-01 5.20E-01
25Mg 1.74E-03 1.52E-03 2.79E-03 1.64E-03
26Mg 1.75E-03 1.76E-03 3.21E-03 9.18E-04
27Al 6.32E-03 5.17E-03 8.70E-03 1.96E-02
28Si 1.14E-01 1.12E-01 2.36E-01 7.14E-01
29Si 1.28E-03 7.80E-04 1.69E-03 6.22E-03
30Si 1.07E-03 4.86E-04 1.24E-03 8.00E-03
31P 2.71E-04 1.84E-04 3.95E-04 2.67E-03
32S 3.63E-02 4.25E-02 9.25E-02 2.80E-01
33S 1.80E-04 2.13E-04 4.11E-04 1.20E-03
34S 5.11E-04 4.16E-04 1.02E-03 3.74E-03
36S 3.31E-07 5.67E-07 9.40E-07 9.90E-07
35Cl 3.80E-05 5.36E-05 1.01E-04 3.55E-04
37Cl 1.38E-05 1.92E-05 3.75E-05 8.89E-05
36Ar 5.55E-03 6.86E-03 1.40E-02 3.67E-02
38Ar 1.43E-04 1.18E-04 3.61E-04 1.24E-03
40Ar 4.53E-08 8.65E-08 2.54E-07 3.89E-07
39K 2.05E-05 1.76E-05 5.43E-05 1.61E-04
40K 6.87E-09 1.10E-08 1.23E-08 3.11E-08
41K 2.64E-06 2.25E-06 7.08E-06 2.06E-05
40Ca 4.49E-03 5.46E-03 1.10E-02 2.93E-02
42Ca 3.70E-06 2.18E-06 8.11E-06 3.10E-05
43Ca 3.78E-07 4.93E-07 6.45E-07 4.08E-07
44Ca 1.30E-04 1.33E-04 2.44E-04 1.57E-04
46Ca 2.46E-08 2.66E-08 1.10E-07 1.90E-07
48Ca 1.19E-07 1.51E-07 1.81E-07 2.14E-07
45Sc 2.13E-07 3.18E-07 5.55E-07 1.04E-06
46Ti 3.79E-06 1.34E-05 1.30E-05 1.52E-05
47Ti 4.83E-06 2.80E-05 3.27E-05 1.93E-05
48Ti 1.65E-04 1.80E-04 3.25E-04 3.33E-04
49Ti 2.70E-06 2.74E-06 5.41E-06 8.76E-06
50Ti 4.09E-07 7.50E-07 9.05E-07 7.63E-07
50V 7.18E-09 1.23E-08 1.72E-08 5.05E-08
51V 1.19E-05 5.45E-05 4.73E-05 2.75E-05
50Cr 1.24E-05 2.01E-05 2.68E-05 5.49E-05
52Cr 7.39E-04 8.99E-04 1.53E-03 2.97E-03
53Cr 3.97E-05 3.81E-05 7.11E-05 1.63E-04
54Cr 1.15E-06 1.95E-06 2.28E-06 1.97E-06
55Mn 1.09E-04 1.12E-04 1.96E-04 4.66E-04
54Fe 8.40E-04 1.18E-03 1.94E-03 4.06E-03
56Fe 8.06E-02 1.50E-01 2.00E-01 2.59E-01
57Fe 2.05E-03 2.79E-03 3.83E-03 4.21E-03
58Fe 3.93E-05 6.84E-05 7.77E-05 6.60E-05
59Co 1.55E-04 6.60E-04 7.86E-04 4.49E-04
58Ni 5.66E-04 1.10E-03 1.69E-03 1.39E-03
60Ni 2.75E-03 6.17E-03 7.02E-03 7.93E-03
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61Ni 8.43E-05 1.15E-04 1.31E-04 1.31E-04
62Ni 5.49E-05 1.03E-04 1.16E-04 1.17E-04
64Ni 1.82E-05 3.78E-05 4.87E-05 4.48E-05
63Cu 1.46E-05 3.36E-05 3.88E-05 2.62E-05
65Cu 7.79E-06 1.45E-05 2.08E-05 2.17E-05
64Zn 3.34E-04 5.24E-04 7.85E-04 6.51E-04
66Zn 1.72E-05 2.46E-05 4.11E-05 4.89E-05
67Zn 1.68E-06 3.50E-06 4.84E-06 2.55E-06
68Zn 7.85E-06 1.67E-05 2.49E-05 2.89E-05
70Zn 2.42E-08 2.37E-08 1.08E-07 1.90E-07
69Ga 1.21E-06 2.16E-06 3.84E-06 4.16E-06
71Ga 8.48E-07 1.80E-06 3.02E-06 3.40E-06
70Ge 2.17E-06 4.35E-06 7.57E-06 7.74E-06
72Ge 1.71E-06 3.75E-06 6.13E-06 9.92E-06
73Ge 3.14E-07 6.35E-07 1.15E-06 5.08E-07
74Ge 3.18E-06 8.03E-06 1.34E-05 1.54E-05
Z = 0.004
Mfinal 19.51 24.02 27.55 32.93
Mcut 2.23 1.97 4.05 4.51
p 8.95E+00 1.02E+01 1.01E+01 1.03E+01
d 1.84E-13 2.01E-13 2.89E-13 3.88E-14
3He 1.75E-04 1.85E-04 1.84E-04 1.80E-04
4He 7.03E+00 8.49E+00 7.93E+00 8.12E+00
6Li 6.12E-16 6.65E-16 9.58E-16 1.29E-16
7Li 4.31E-13 1.02E-13 8.01E-13 4.62E-12
9Be 6.27E-16 3.94E-16 1.88E-16 9.49E-18
10B 2.91E-11 3.09E-11 3.04E-11 6.57E-12
11B 2.79E-09 1.39E-10 1.37E-10 2.83E-11
12C 8.32E-02 1.28E-01 1.36E-01 3.73E-01
13C 2.91E-04 3.83E-04 3.39E-04 3.68E-04
14N 1.84E-02 3.15E-02 2.01E-02 2.52E-02
15N 2.74E-05 9.45E-05 5.59E-06 1.35E-05
16O 7.88E-01 2.07E+00 3.82E+00 6.80E+00
17O 1.03E-04 1.12E-04 1.20E-04 1.57E-04
18O 6.68E-04 7.80E-04 4.38E-05 6.51E-04
19F 4.87E-06 8.48E-05 5.57E-06 8.50E-06
20Ne 1.42E-01 6.35E-01 4.92E-01 1.15E+00
21Ne 3.12E-04 3.57E-04 4.13E-04 8.62E-04
22Ne 1.42E-03 4.54E-03 3.00E-03 7.99E-04
23Na 2.05E-03 4.68E-03 6.56E-03 1.32E-02
24Mg 8.10E-02 2.27E-01 1.91E-01 4.01E-01
25Mg 1.64E-03 4.78E-03 4.94E-03 9.65E-03
26Mg 1.70E-03 5.27E-03 5.64E-03 1.02E-02
27Al 3.64E-03 1.04E-02 1.18E-02 2.29E-02
28Si 1.04E-01 1.22E-01 3.56E-01 5.74E-01
29Si 1.78E-03 2.27E-03 4.86E-03 6.63E-03
30Si 1.99E-03 2.32E-03 4.83E-03 7.37E-03
31P 4.68E-04 5.29E-04 1.35E-03 2.00E-03
32S 3.30E-02 4.02E-02 1.54E-01 2.30E-01
33S 2.93E-04 3.05E-04 1.05E-03 1.52E-03
34S 1.39E-03 1.25E-03 4.80E-03 7.22E-03
36S 5.15E-06 2.32E-06 8.75E-06 1.23E-05
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35Cl 7.46E-05 8.11E-05 2.90E-04 4.16E-04
37Cl 2.39E-05 3.41E-05 1.06E-04 1.58E-04
36Ar 4.40E-03 6.02E-03 2.28E-02 3.40E-02
38Ar 4.28E-04 3.78E-04 1.78E-03 2.48E-03
40Ar 1.46E-06 3.81E-07 2.87E-06 1.93E-06
39K 4.32E-05 4.15E-05 1.72E-04 2.15E-04
40K 2.25E-08 3.29E-08 8.55E-08 1.08E-07
41K 4.38E-06 4.66E-06 1.90E-05 2.33E-05
40Ca 3.07E-03 4.69E-03 1.67E-02 2.55E-02
42Ca 1.09E-05 9.19E-06 4.44E-05 5.81E-05
43Ca 1.09E-06 9.55E-07 1.12E-06 2.18E-06
44Ca 2.86E-05 1.06E-04 1.12E-04 2.26E-04
46Ca 2.35E-07 1.43E-07 6.94E-07 4.28E-07
48Ca 1.07E-06 6.03E-07 9.78E-07 1.36E-06
45Sc 6.09E-07 6.12E-07 1.52E-06 1.79E-06
46Ti 4.52E-06 7.87E-06 1.99E-05 2.55E-05
47Ti 1.57E-06 8.80E-06 1.23E-05 1.24E-05
48Ti 4.89E-05 1.59E-04 2.30E-04 4.30E-04
49Ti 1.49E-06 4.46E-06 6.49E-06 1.16E-05
50Ti 8.29E-07 1.96E-06 2.54E-06 4.85E-06
50V 1.02E-08 2.02E-08 4.10E-08 7.58E-08
51V 3.17E-06 2.26E-05 2.18E-05 2.74E-05
50Cr 1.49E-05 2.05E-05 5.69E-05 8.03E-05
52Cr 2.69E-04 8.48E-04 1.71E-03 3.28E-03
53Cr 2.14E-05 5.36E-05 1.06E-04 1.99E-04
54Cr 2.34E-06 5.15E-06 5.76E-06 9.29E-06
55Mn 9.05E-05 1.67E-04 3.26E-04 5.81E-04
54Fe 8.16E-04 1.17E-03 3.00E-03 4.98E-03
56Fe 3.11E-02 8.33E-02 1.53E-01 2.74E-01
57Fe 9.93E-04 1.93E-03 3.31E-03 6.26E-03
58Fe 5.48E-05 1.62E-04 1.77E-04 2.84E-04
59Co 4.90E-05 3.67E-04 3.31E-04 4.47E-04
58Ni 3.00E-04 9.15E-04 9.42E-04 1.51E-03
60Ni 1.01E-03 2.98E-03 4.92E-03 8.28E-03
61Ni 1.50E-04 9.23E-05 2.93E-04 3.60E-04
62Ni 1.23E-04 1.72E-04 2.78E-04 6.21E-04
64Ni 1.66E-05 8.07E-05 1.10E-04 2.66E-04
63Cu 8.84E-06 4.24E-05 4.77E-05 9.13E-05
65Cu 7.52E-06 2.84E-05 4.86E-05 1.12E-04
64Zn 3.63E-05 3.19E-04 3.56E-04 5.84E-04
66Zn 2.10E-05 4.85E-05 1.08E-04 2.13E-04
67Zn 1.45E-06 7.12E-06 1.14E-05 2.81E-05
68Zn 7.86E-06 3.70E-05 7.55E-05 1.84E-04
70Zn 2.39E-07 1.97E-07 1.33E-06 2.98E-06
69Ga 1.36E-06 5.39E-06 1.49E-05 3.43E-05
71Ga 1.10E-06 3.95E-06 9.36E-06 2.16E-05
70Ge 1.92E-06 8.33E-06 2.37E-05 4.98E-05
72Ge 1.75E-06 8.88E-06 2.69E-05 6.24E-05
73Ge 3.19E-07 1.67E-06 4.28E-06 1.08E-05
74Ge 2.58E-06 1.77E-05 7.00E-05 1.56E-04
Z = 0.02
Mfinal 18.36 21.63 24.58 21.84
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Mcut 1.77 2.09 3.05 2.67
p 7.93E+00 8.41E+00 8.75E+00 3.55E+00
d 2.47E-13 1.97E-13 7.25E-13 1.43E-12
3He 2.38E-04 2.21E-04 2.12E-04 5.05E-05
4He 6.76E+00 7.25E+00 8.37E+00 4.78E+00
6Li 8.22E-16 6.56E-16 2.41E-15 4.75E-15
7Li 3.57E-12 5.29E-13 1.56E-14 5.72E-13
9Be 1.21E-16 1.85E-16 6.98E-16 2.43E-15
10B 1.47E-10 1.51E-10 1.55E-10 7.44E-14
11B 6.62E-10 6.79E-10 6.96E-10 3.80E-13
12C 2.09E-01 1.44E-01 1.79E-01 4.90E-01
13C 1.45E-03 6.66E-02 1.92E-03 4.31E-04
14N 7.19E-02 8.43E-02 1.02E-01 5.81E-02
15N 2.53E-04 4.63E-02 1.54E-05 4.26E-05
16O 9.80E-01 2.18E+00 2.74E+00 7.05E+00
17O 9.49E-04 1.34E-03 1.68E-03 9.69E-04
18O 3.98E-03 8.37E-02 2.79E-03 1.04E-02
19F 6.92E-05 1.18E-04 9.33E-06 9.84E-06
20Ne 2.92E-01 6.47E-01 5.41E-01 1.74E+00
21Ne 1.98E-03 1.70E-03 2.57E-03 5.19E-03
22Ne 8.81E-03 1.66E-02 1.13E-02 1.07E-02
23Na 1.20E-02 1.41E-02 1.81E-02 5.76E-02
24Mg 6.88E-02 2.08E-01 1.68E-01 3.29E-01
25Mg 1.12E-02 2.42E-02 2.18E-02 5.82E-02
26Mg 7.52E-03 2.12E-02 2.37E-02 5.94E-02
27Al 8.56E-03 2.34E-02 2.37E-02 7.20E-02
28Si 9.41E-02 1.24E-01 2.67E-01 3.28E-01
29Si 2.95E-03 8.30E-03 1.08E-02 1.70E-02
30Si 3.49E-03 1.10E-02 1.50E-02 1.97E-02
31P 9.79E-04 1.99E-03 3.65E-03 5.43E-03
32S 4.75E-02 4.35E-02 1.08E-01 1.40E-01
33S 5.28E-04 6.07E-04 1.42E-03 1.73E-03
34S 3.77E-03 4.36E-03 1.41E-02 1.69E-02
36S 1.30E-05 2.23E-05 5.90E-05 8.41E-05
35Cl 2.68E-04 1.58E-04 6.05E-04 8.23E-04
37Cl 9.70E-05 1.40E-04 2.33E-04 5.21E-04
36Ar 7.36E-03 6.63E-03 1.41E-02 1.98E-02
38Ar 1.22E-03 5.80E-04 4.51E-03 5.14E-03
40Ar 3.19E-06 3.30E-06 1.36E-05 8.04E-06
39K 1.37E-04 6.78E-05 2.58E-04 2.56E-04
40K 1.79E-07 2.25E-07 5.09E-07 9.26E-07
41K 1.37E-05 1.11E-05 2.65E-05 4.65E-05
40Ca 4.99E-03 5.67E-03 9.29E-03 1.42E-02
42Ca 3.53E-05 1.34E-05 1.12E-04 1.24E-04
43Ca 2.84E-06 3.57E-06 6.10E-06 7.56E-06
44Ca 5.12E-05 9.93E-05 1.28E-04 4.13E-04
46Ca 9.08E-07 1.33E-06 2.39E-06 3.71E-06
48Ca 2.95E-06 2.77E-06 1.23E-05 2.69E-06
45Sc 1.83E-06 2.71E-06 4.44E-06 6.81E-06
46Ti 1.66E-05 7.32E-06 4.58E-05 5.62E-05
47Ti 5.70E-06 8.09E-06 1.28E-05 3.99E-05
48Ti 7.37E-05 1.66E-04 2.27E-04 5.93E-04
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49Ti 4.41E-06 8.24E-06 1.17E-05 1.84E-05
50Ti 5.21E-06 1.06E-05 8.54E-06 3.31E-05
50V 5.94E-08 1.40E-07 3.68E-07 3.69E-07
51V 1.09E-05 1.55E-05 2.48E-05 6.58E-05
50Cr 7.07E-05 2.02E-05 9.87E-05 1.21E-04
52Cr 4.11E-04 9.25E-04 1.45E-03 2.47E-03
53Cr 5.54E-05 7.52E-05 1.34E-04 1.44E-04
54Cr 1.48E-05 2.42E-05 3.72E-05 4.99E-05
55Mn 3.18E-04 3.53E-04 5.85E-04 4.94E-04
54Fe 3.79E-03 2.12E-03 4.03E-03 5.89E-03
56Fe 3.57E-02 8.87E-02 1.04E-01 2.77E-01
57Fe 1.22E-03 2.83E-03 4.11E-03 8.90E-03
58Fe 4.24E-04 7.36E-04 1.77E-03 1.36E-03
59Co 2.43E-04 4.22E-04 6.60E-04 1.42E-03
58Ni 1.52E-03 2.12E-03 3.38E-03 7.14E-03
60Ni 1.20E-03 3.14E-03 3.33E-03 1.12E-02
61Ni 2.43E-04 2.97E-04 9.10E-04 8.55E-04
62Ni 3.69E-04 8.87E-04 8.34E-04 2.97E-03
64Ni 1.60E-04 5.10E-04 6.97E-05 1.95E-03
63Cu 9.89E-05 2.32E-04 6.14E-05 5.85E-04
65Cu 4.15E-05 1.34E-04 2.02E-05 5.70E-04
64Zn 5.27E-05 1.35E-04 8.32E-05 6.38E-04
66Zn 7.13E-05 2.35E-04 7.40E-05 1.02E-03
67Zn 1.17E-05 4.38E-05 3.01E-06 2.31E-04
68Zn 5.33E-05 2.75E-04 1.19E-05 1.43E-03
70Zn 2.45E-06 8.48E-06 5.89E-07 5.62E-05
69Ga 6.82E-06 2.69E-05 1.27E-06 1.61E-04
71Ga 4.95E-06 2.39E-05 2.26E-06 1.29E-04
70Ge 8.72E-06 3.81E-05 2.04E-06 2.40E-04
72Ge 9.95E-06 6.93E-05 4.13E-06 4.09E-04
73Ge 2.48E-06 1.36E-05 7.62E-07 9.51E-05
74Ge 2.08E-05 1.65E-04 3.19E-05 1.38E-03
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Table 3
The IMF weighted yields with x = 1.35,Mℓ = 0.07M⊙,Mu = 50M⊙.
SNII+HN SNIa
Z 0 0.001 0.004 0.02
p 3.28E-02 3.14E-02 2.96E-02 2.45E-02 0.00E+00
d 5.76E-18 2.21E-15 1.97E-16 5.34E-16 0.00E+00
3He 2.51E-07 5.24E-07 6.52E-07 7.06E-07 0.00E+00
4He 2.30E-02 2.26E-02 2.22E-02 2.05E-02 5.66E-03
6Li 1.70E-20 1.52E-19 6.49E-19 1.76E-18 0.00E+00
7Li 8.67E-12 6.67E-13 3.14E-15 5.85E-14 0.00E+00
9Be 1.25E-20 7.74E-19 6.54E-19 7.26E-19 0.00E+00
10B 1.86E-17 2.38E-14 1.47E-13 4.25E-13 0.00E+00
11B 5.00E-16 1.05E-13 1.12E-11 1.83E-12 0.00E+00
12C 7.51E-04 4.14E-04 5.17E-04 6.75E-04 4.83E-02
13C 1.75E-10 4.33E-07 2.80E-05 3.06E-05 1.40E-06
14N 3.36E-06 2.82E-05 8.77E-05 2.35E-04 1.16E-06
15N 5.17E-10 1.35E-08 2.41E-05 1.90E-05 1.32E-09
16O 8.03E-03 8.05E-03 6.58E-03 6.14E-03 1.43E-01
17O 3.45E-09 1.42E-07 8.36E-07 3.60E-06 3.54E-08
18O 5.69E-09 2.24E-06 2.70E-05 5.29E-05 8.25E-10
19F 3.49E-11 6.76E-09 4.98E-08 1.08E-07 5.67E-10
20Ne 1.28E-03 1.38E-03 1.57E-03 1.68E-03 2.02E-03
21Ne 1.05E-07 6.66E-07 1.62E-06 4.95E-06 8.46E-06
22Ne 7.53E-08 3.39E-06 8.01E-06 2.79E-05 2.49E-03
23Na 4.46E-06 8.18E-06 2.03E-05 5.41E-05 6.32E-05
24Na 5.69E-04 6.69E-04 4.88E-04 4.06E-04 8.50E-03
25Mg 9.62E-07 5.62E-06 1.59E-05 6.08E-05 4.05E-05
26Mg 9.19E-07 5.04E-06 1.57E-05 5.68E-05 3.18E-05
27Al 1.27E-05 2.49E-05 2.95E-05 6.53E-05 9.86E-04
28Si 8.11E-04 7.09E-04 6.17E-04 4.55E-04 1.50E-01
29Si 3.03E-06 5.90E-06 7.62E-06 1.88E-05 8.61E-04
30Si 3.40E-06 7.40E-06 9.24E-06 2.12E-05 1.74E-03
31P 1.28E-06 2.34E-06 2.14E-06 5.54E-06 4.18E-04
32S 3.12E-04 2.86E-04 2.50E-04 1.96E-04 8.41E-02
33S 8.06E-07 1.03E-06 1.17E-06 1.62E-06 4.50E-04
34S 1.70E-06 3.20E-06 6.09E-06 1.31E-05 1.90E-03
36S 3.84E-11 1.98E-09 1.48E-08 8.19E-08 3.15E-07
35Cl 2.18E-07 3.34E-07 3.49E-07 7.91E-07 1.34E-04
37Cl 8.78E-08 8.89E-08 1.50E-07 4.89E-07 3.98E-05
36Ar 4.54E-05 4.21E-05 3.80E-05 3.03E-05 1.49E-02
38Ar 8.47E-07 1.11E-06 2.29E-06 4.51E-06 1.06E-03
40Ar 2.42E-13 4.64E-10 3.34E-09 1.02E-08 1.26E-08
39K 1.16E-07 1.41E-07 2.08E-07 3.41E-07 8.52E-05
40K 1.39E-11 6.81E-11 1.29E-10 7.86E-10 0.00E+00
41K 2.25E-08 1.92E-08 2.25E-08 4.91E-08 7.44E-06
40Ca 3.58E-05 3.34E-05 3.02E-05 2.39E-05 1.23E-02
42Ca 1.95E-08 2.95E-08 5.48E-08 1.12E-07 3.52E-05




Z 0 0.001 0.004 0.02
44Ca 1.50E-07 1.74E-07 1.61E-07 2.65E-07 8.86E-06
46Ca 5.69E-14 2.06E-10 8.71E-10 3.60E-09 1.99E-09
48Ca 8.04E-15 6.91E-10 2.93E-09 1.07E-08 7.10E-12
45Sc 6.48E-10 1.26E-09 2.55E-09 7.59E-09 2.47E-07
46Ti 2.02E-08 2.61E-08 3.03E-08 5.11E-08 1.71E-05
47Ti 2.71E-08 2.70E-08 1.84E-08 2.80E-08 6.04E-07
48Ti 4.58E-07 4.98E-07 4.97E-07 5.70E-07 2.03E-04
49Ti 1.56E-08 1.77E-08 2.09E-08 3.07E-08 1.69E-05
50Ti 1.52E-14 2.04E-09 7.64E-09 3.16E-08 1.26E-05
50V 2.88E-13 5.92E-11 9.07E-11 3.42E-10 8.28E-09
51V 6.03E-08 5.76E-08 5.09E-08 6.13E-08 5.15E-05
50Cr 1.14E-07 1.12E-07 1.33E-07 1.72E-07 2.71E-04
52Cr 5.45E-06 5.51E-06 5.76E-06 5.06E-06 5.15E-03
53Cr 3.17E-07 3.30E-07 3.68E-07 3.81E-07 7.85E-04
54Cr 2.73E-11 5.57E-09 1.84E-08 7.09E-08 1.90E-04
55Mn 8.72E-07 9.72E-07 1.16E-06 1.54E-06 8.23E-03
54Fe 7.32E-06 8.34E-06 9.03E-06 1.13E-05 1.04E-01
56Fe 3.17E-04 3.38E-04 3.22E-04 3.48E-04 6.13E-01
57Fe 4.66E-06 6.03E-06 6.79E-06 9.57E-06 2.55E-02
58Fe 6.15E-12 1.81E-07 5.26E-07 2.15E-06 9.63E-04
59Co 6.82E-07 6.72E-07 7.47E-07 1.20E-06 1.02E-03
58Ni 1.96E-06 3.12E-06 1.22E-05 8.12E-06 1.28E-01
60Ni 8.03E-06 8.48E-06 7.61E-06 9.46E-06 1.05E-02
61Ni 1.26E-07 2.17E-07 4.20E-07 8.15E-07 2.51E-04
62Ni 7.54E-08 4.66E-07 1.81E-06 2.12E-06 2.66E-03
64Ni 1.01E-14 8.66E-08 2.89E-07 1.36E-06 1.31E-06
63Cu 2.08E-08 4.44E-08 1.10E-07 5.07E-07 1.79E-06
65Cu 1.36E-09 3.25E-08 1.05E-07 3.84E-07 6.83E-07
64Zn 6.32E-07 5.74E-07 5.07E-07 4.43E-07 1.22E-05
66Zn 5.80E-09 6.24E-08 2.03E-07 6.65E-07 2.12E-05
67Zn 1.45E-10 6.43E-09 2.75E-08 1.43E-07 1.34E-08
68Zn 2.67E-10 4.31E-08 1.67E-07 8.69E-07 1.02E-08
70Zn 5.14E-15 3.62E-10 1.85E-09 2.63E-08 0.00E+00
69Ga 4.93E-11 5.26E-09 2.45E-08 9.57E-08 0.00E+00
71Ga 4.22E-14 4.81E-09 1.87E-08 7.68E-08 0.00E+00
70Ge 3.67E-11 9.13E-09 3.62E-08 1.45E-07 0.00E+00
72Ge 2.34E-14 1.13E-08 5.05E-08 2.44E-07 0.00E+00
73Ge 2.83E-14 1.28E-09 8.59E-09 5.62E-08 0.00E+00
74Ge 1.33E-14 2.18E-08 1.35E-07 7.93E-07 0.00E+00
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Table 4
Parameters of chemical evolution models; Infall, star formation, and outflow
timescales, and the galactic wind epoch in Gyr. x denotes the slope of the initial mass
function.
τi τs τo τw x
solar neighborhood 5 2.2 - - 1.35
halo - 8 1 - 1.35
bulge, model (A) 1 1 - - 1.35
bulge, wind model (B) 5 0.5 - 3 1.35
bulge, flat IMF model 5 0.5 - 2 1.10
thick disk, disk-like model (A) 5 2.2 - 6 1.35
thick disk, closed-box model (B) - 0.5 - - 1.35
thick disk, infall model (C) 5 1 - 3 1.35
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